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Duplex stainless steels are a category of stainless steels with a microstructure containing 
approximately equal amounts of ferrite and austenite. They have desirable properties of 
both austenitic and ferritic stainless steels, such as high tensile strength, low temperature 
toughness and excellent resistance to corrosion, particularly chloride stress corrosion 
cracking). Consequently, they are used increasingly as alternatives to austenitic stainless 
steels, especially in chloride or sulphide environments, for example, in the manufacture 
of pipelines for transportation of oil and gas.  
ABSTRACT 
However, one of the limitations in using these grade steels is as welded components, 
where poor welding has induced adverse microstructural features and consequently 
increased the susceptibility to various forms of corrosion such as stress corrosion 
cracking and intergranular corrosion.  While research has focussed on characterising the 
microstructure and corrosion resistance of the parent material and heat affected zone in 
sour and seawater environments, less has been conducted on structural characterisation of 
successive weld layers, namely the root, fill and cap layers and their susceptibility to 
different forms of localised corrosion in chloride environments. 
Hence, the focus of this research study was to: (i) provide an in-depth microstructural 
analysis of the various weld passes, in terms of the weld morphology, phase 
transformations within the weld regions and distribution of major alloying elements; (ii) 
determine the susceptibility to intergranular corrosion in terms of the degree of 
sensitisation of the various weld passes; (iii) determine the susceptibility to pitting 
corrosion in terms of the critical pitting temperature of the various weld passes and (iv) 
conduct potentiodynamic scanning studies on the weld regions to compare corrosion 
rates. 
AISI-2507 super duplex stainless steel metal plate with 10 mm wall thickness was used in 
this study. Multi-pass welding was carried out using standard gas tungsten arc welding 
(GTAW). Techniques for the microstructural investigation of the welds consisted of (i) 
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optical microscopy, scanning electron microscopy (SEM) , X-ray diffraction (XRD) and 
Electron Backscatter Diffraction (EBSD); (ii) volumetric quantification of existing 
phases and intermetallic precipitates by means of the ASTM E562 point count method 
And (iii) hardness measurements on the different weld regions using Vickers 
microhardness.  For the corrosion studies, the degree of sensitisation was determined by a 
modified double loop electrochemical potentiodynamic reactivation (DL-EPR) test. 
Susceptibility to pitting corrosion was determined by the standard critical pitting 
temperature (CPT) test (ASTM G-150).   
Microstructural characterisation confirmed the presence of a two-phase structure for the 
base metal consisting of large elongated lathe type ferrite and austenite regions in equal 
proportions. Furthermore, variations in microstructures were observed not only between 
the base metal and weld regions, but between the different weld regions themselves. The 
metallurgical characteristics of each zone were significantly different from that of the 
original base material in terms of microstructure, phase balance and alloying element 
distribution. 
Phase identification using X-ray diffraction and electron back scattered diffraction 
techniques confirmed the absence of detrimental secondary phases and intermetallic 
precipitates in the base metal, while in contrast emphasized the presence of sigma, chi, 
and chromium carbides in the weld regions. Appearance of these detrimental secondary 
phases and precipitates indicated phase transformation and microstructure changes 
occurred within the fusion and heat affected zones and hence sensitization of those 
regions. 
Vickers hardness measurement showed relatively higher values for the root pass and filler 
pass compared to the base metal while the cap pass showed the lowest hardness values. 
This has been correlated primarily with differences in the ferrite content between these 
regions and also other factors such as grain size, presence of intermetallic precipitates, 
and concentration of interstitial atoms such as C and N. 
A reproducible DL-EPR test method was successfully developed to characterize the 
degree of sensitization in the super duplex stainless steel grade 2507 using 10% (v/v) 
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H2SO4
While the optimised DLEPR test has been used to determine susceptibility to 
intergranular corrosion, the critical pitting temperature (CPT) test (ASTM G-150) and 
standard potentiodynamic scanning were successfully employed to characterise the 
pitting corrosion resistance of the base material and various weld regions. 
; 0.001 M thioacetamide (depassivator) testing solution at a temperature of 63 °C. 
This DL-EPR test induced the most favourable selective attack conditions for studying 
sensitisation, without inducing corrosion in the unsensitised regions (wrought metal). 
The critical pitting temperature was shown to be a maximum for the base material and 
lowest for the cap region.  Higher pitting corrosion resistance (elevated CPT) was 
observed for the weld regions with increased ferrite (fill region).  Likewise, increased 
amounts of austenite (cap and root) were accompanied by a reduction in the CPT. This 
has been confirmed by corrosion rate measurements where lower corrosion rates were 
observed for studies conducted at temperatures lower than the CPT and higher corrosion 
rates were observed for studies conducted at temperatures higher than the CPT.  .   
Correlations existed between microstructural variations and corrosion behaviour of 
welded components and the un-welded base material, revealing that the corrosion 
performance was strongly influenced by microstructure features, such as ferrite/austenite 
ratio, grains shape and size, and the presence of chromium rich intermetallic precipitates 
and secondary phases. 
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1 
1.1  Background 
INTRODUCTION 
The wide spread usage of stainless steels, in engineering applications such as the 
manufacturing sector and transport industries, has been attributed to a combination of 
resistance to corrosion and staining, low maintenance, relatively low cost and good 
mechanical properties. The increasing high demand on stainless steel usage in industry as 
a result of rapid growth, combined with difficulties in production routes and fluctuating 
raw materials prices of major alloying additions such as nickel, molybdenum, and 
chromium have stimulated engineering companies and fabricators to develop alternative 
grades to the commercial austenitic stainless steels such as 304, 310, and 316, with 
attractive corrosion and mechanical properties as well as stable prices. [1] 
Duplex stainless steels, originally created as low-nickel alternatives to austenitic stainless 
steels in applications where corrosion resistance, strength, and weldability are of great 
concern, are finding increased usage in the construction of critical process components 
(e.g., welded pipes, pumps, etc.) in many industries to include the pulp and paper 
industry, offshore-gas and petroleum industry and chemical industry in general [2-6]. The 
incorporation of selective alloying elements (Cr, Mo, N and Ni) promoting the 
coexistence of ferrite and austenite phases in equal amounts, has attributed to this class of 
steels exhibiting higher strength than austenitic stainless steels, higher toughness than 
ferritic stainless steels, good weldability, and high corrosion resistance in a variety of 
aggressive environments, to include pitting, intergranular, and stress corrosion cracking 
[7-11]. 
In particular, super duplex stainless steels (SDSS) such as AISI 2507, with higher 
chromium content (25%) compared with traditional 22% Cr duplex steels, are finding 
more widespread usage in aggressive corrosive environments, where typical working 
environments can contain high levels of chloride attack with operating temperatures in 
excess of 100 °C [12]. 
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However, welding of this category of steels, an essential process in many industrial 
applications, has incurred a number of problems. Although significant advances have 
been made in the welding of these steels and susceptibility to hot cracking (improved 
steel chemistry and improved welding methods) [8], limitations are still associated with 
the weld properties, particularly for welding of components which require multi-pass 
welds. Here, the different weld passes as well as the heat affected zone (HAZ) are subject 
to variable thermal (heating/cooling) cycles with the deposition of each subsequent pass 
which can lead to (i) occurrence of complex microstructural transformations and 
dissolution of ferrite, thus altering the ferrite / austenite (δ/γ) ratio and (ii) the formation 
of secondary austenite and other undesirable chromium enriched phases such as M23C6
Differences in the microstructure in terms of grain shape, grain size, and phase balance 
may appear in the successive weld layers namely the root, filler, and cap regions [13, 14].  
Consequently, microstructural changes to include formation of alloy depleted regions and 
secondary phases / intermetallic precipitates (sigma, chromium nitride and chi phases) 
can lead to a massive reduction in the corrosion resistance of the weld and make it more 
susceptible to different forms of corrosion such as pitting corrosion stress corrosion 
cracking and particularly intergranular corrosion (IGC) if chromium depletion regions are 
formed [6, 16-18]. Optimum control over the welding parameters such as heat input, and 
cooling rate is essential in preventing the formation of undesirable precipitates [8, 19] and 
thus minimising equipment down time and replacement or repair, loss of product, 
contamination, mechanical damage, reduced performance, etc [20]. 
.  
Hence, a critical practical issue for the quality control of duplex stainless steels is to 
ensure the retention of its properties after welding in terms of chemical composition, 
phase balance, mechanical properties, and corrosion resistance. In order to achieve this, 
there is a need to systematically characterise the different weld passes and heat affect 
zones and to compare with the properties of the base metal [4]. 
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1.2  Objectives 
While research has been conducted primarily on the parent material and welded regions 
in general, limited studies have been conducted on the susceptibility of the various 
successive weld layers (root, fill and cap) of duplex steels to different forms of corrosion 
and the effect of the presence of undesirable precipitates and secondary phases such as 
sigma, chi, metal carbides and nitrides [7, 21]. The main objective of this project is to 
systematically study the chemical composition and microstructural changes that occur in 
the different weld regions of welded 2507 super duplex stainless steel, and the impact on 
the corrosion properties. In particularly the structure / corrosion relationships of the root, 
filler, and cap weld regions, in addition to the parent metal and heat affected zone warrant 
investigation. Consequently, the specific research objectives of this study are: 
1. Conduct microstructural analysis and surface hardness measurements of the 
various weld passes, in terms of the weld morphology, phase transformations 
within the weld regions and distribution of major alloying elements and compare 
with the parent metal 
2. Develop a test method based around the DLEPR test method to determine the 
degree of sensitisation of AISI 2507 super duplex stainless steel 
3. Determine the susceptibility to intergranular corrosion in terms of the degree of 
sensitisation of the various weld passes 
4. Determine the susceptibility to pitting corrosion in terms of the critical pitting 
temperature of the various weld passes 
5. Determination of corrosion rates for the different weld passes using 
potentiodynamic scanning and Tafel extrapolation 
In this study, traditional methods for studying the microstructure of duplex stainless 
steels have been employed. These include quantitative metallography techniques in 
conjunction with scanning electron microscopy for higher resolution surface analysis, 
elemental analysis using energy dispersive x-ray (EDAX) techniques and electron back 
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scattered diffraction (EBSD) in order to identify overall microstructural features typical 
of welded duplex steels and the presence of deleterious certain phases within the weld 
regions. The surface hardness of the different weld regions has been investigated using 
Vickers’s micro-hardness. 
The corrosion behaviour of the different weld regions was characterised qualitatively and 
quantitatively utilizing a series of different electrochemical testing methods including 
double loop electro-potentiodynamic reactivation (DLEPR), critical pitting temperature 
(CPT), and potentiodynamic scanning (Tafel behaviour).  
1.3  Structure of the Thesis 
The thesis consists of six chapters as outlined below: 
Chapter 1 provides (i) an introduction and general background information on the project; 
(ii) the research objectives and techniques used in the current investigation; and (iii) an 
outline of the structure of the thesis. The literature review presented in Chapter 2 contains 
detailed information on the introduction and background to the duplex steel family, 
metallurgy and effect of alloying elements, welding considerations, corrosion behaviour 
and methods for assessing the corrosion characteristics of these steels.  The various 
experimental procedures adopted for this study are detailed in Chapter 3, to include 
specimen production and manufacture, methodologies for the various microstructural 
investigation techniques adopted (OLM/SEM/EDX/XRD/EBSD), surface hardness 
measurements and the  electrochemical testing methods adopted in this study (DL-EPR, 
CPT, potentiodynamic scanning).  
Results of the microstructural analysis (OM, SEM, EDX, XRD, EBSD, hardness) are 
initially presented in Chapter 4 while the later part of this chapter is focussed on 
corrosion characteristics, specifically optimisation of the DL-EPR test method, IGC, CPT 
and potentiodynamic scanning measurements.  The last part of this chapter contains a 
general discussion on the structural characteristics and corrosion evaluation of the 
different weld regions.  Conclusions and major findings from this study and suggestions 
for future work are presented in Chapter 5.  
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2 
The literature review presented in this section is divided into four major sections. The 
first section (2.1) is introduction and general background on the duplex stainless steel 
family, development history, chemistry, and applications while the metallurgy of duplex 
stainless steel, in terms of existing phases; alloying elements; microstructural 
investigation techniques; and effect of solution heat treatment, is presented in section 
(2.2). Section (2.3) discusses the welding metallurgy, weldability, welding 
considerations, and welding processes associated with duplex stainless steels. Finally, an 
introduction and general background on different forms of corrosion have been presented 
and different method and techniques used for studying the corrosion behaviour of duplex 
stainless steels have been discussed in section 2.4. 
LITERATURE REVIEW 
2.1 Introduction 
Duplex (ferritic-austenitic) stainless steels (DSS) derive their name from their room 
temperature microstructure of approximately 50% ferrite and 50% austenite [2]. They 
exhibit good corrosion resistance combined with high strength and ease of fabrication 
which leads to their wide spread usage in industries where superior corrosion resistance 
and mechanical properties are of paramount importance. Typical industries include the oil 
and gas production and processing, pulp and paper manufacturing, mining, etc. [5]. 
In general, the properties of this group of stainless steels are typical of both austenitic and 
ferritic stainless steels and the combination of these properties cannot be achieved by 
either austenitic or ferritic stainless steels alone [8]. Due to the higher ferrite content in 
DSS than austenitic steels, DSS are more ferromagnetic, have higher thermal 
conductivity, have a lower thermal expansion and higher corrosion resistance especially 
for pitting and stress corrosion cracking [2]. Further, DSS have a typical yield strength of 
425 MPa compared to 210 MPa for austenitic stainless steels, indicating that they are 
stronger, harder, and more attractive where abrasion is a concern [2]. In addition the 
presence of ferrite may also induce a marked refinement in the grain size of both the 
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ferrite and austenite, which has been reported to improve the resistance to intergranular 
corrosion [8, 22]. 
Nominal compositions of some common DSS grades are given in Table 2-1, while Table 
2-2 provides a comparison of the mechanical properties between those grades of duplex 
stainless steel. The listed commercial grades represent various groups of the duplex 
stainless family that will be discussed in more detail in section 2.3. 
Table 2-1 Chemical composition of a number of DSS grades [23] 
Grade 
SAF (UNS) 
Chemical 
Composition 
(wt. %) 
C Mn Si P S Cr Mo Ni Cu N 
2304 Min. - - - - - 21.50 0.05 3.00 0.05 0.05 
Max. 0.03 2.50 1.00 0.04 0.03 24.50 0.60 5.50 0.60 0.20 
2205 
(S31803) 
Min. - - - - - 21.00 2.50 4.50 - 0.08 
Max. 0.03 2.00 1.00 0.03 0.02 23.00 3.50 6.50 - 0.20 
2205 
(S32205) 
Min. - - - - - 22.00 3.00 4.50 - 0.14 
Max. 0.03 2.00 1.00 0.03 0.02 23.00 3.50 6.50 - o.2 
2507 
(S32550) 
Min. - - - - - 24.00 2.90 4.5 1.50 0.10 
Max. 0.04 1.50 1.00 0.04 0.03 27.00 3.90 6.50 2.50 0.25 
Table 2-2  Mechanical properties of a number of DSS grades [23] 
Grade 
SAF (UNS) 
Tensile Strength 
(MPa) 
min 
Yield Strength 
0.2% Proof 
(MPa) 
min 
Elongation (% in 
50mm) 
min 
Hardness 
Rockwell 
C (HR C) 
Brinell 
(HB) 
2304 600 400 25 32 max 290 max 
2205 (S31803) 620 450 25 31 max 293 max 
2205 (S32205) 655 450 25 31 max 293 max 
2507 795 550 15 32 max 310 max 
S32550 750 550 25 - 290 max 
Information relating to the metallurgical structure of DSS as a function of chemical 
composition can be detained from the Schaeffler diagram (Figure 2-1). It shows a wide 
composition range in which the stainless steels exhibit a duplex structure and hence 
allowing a number of commercial DSS grades to be obtained. Alloying elements are 
grouped as either ferrite promoting elements (Cr, Mo, Si) or austenite promoting 
elements (Ni, N, C, Cu) which are expressed in terms of chromium equivalence and 
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nickel equivalence respectively. Steels formed from these elements in correct 
concentrations and ratios lead to the dual microstructure of DSS [17]. 
 
Figure 2-1 Schaeffler diagram showing composition range in which stainless steels 
exhibit a duplex structure [17] 
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In general, stainless steels alloys at relatively high temperatures (>1400o
Figure 2-2
c), exhibit only 
ferrite structure which on cooling is transformed partially or completely to austenite 
( ). This depends on the equilibrium conditions, the alloy chemical composition 
and cooling rate. For a typical duplex stainless steel alloy, as the temperature falls below 
the melting temperature, a two-phase field called the partially melted zone which is a 
mixture of liquid and solid ferrite phase exists. This is attributed to the high temperature 
promoting the formation of ferrite. On further cooling, austenite regions appear in the 
ferrite matrix [8]. Thermodynamically, because the austenite is forming from the ferrite, 
it is impossible for the alloy to go past the equilibrium level of austenite. The main 
problem with duplex stainless steel alloys is that they may form brittle intermetallic 
phases very easily, such as Sigma, Chi, R and Alpha Prime [4,24, 25, 26]. 
 
Figure 2-2 Section of the ternary Fe-Cr-Ni phase diagram [4] 
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2.2 History 
In this section, a brief review of the history and developments of some duplex stainless 
steel grades is presented and divided into three main stages; Historical Evolution (1930-
1960), Modern Development (1960-2000), and Recent Developments of the new modern 
grades of duplex stainless steels. 
2.2.1 Historical Evolution (1930-1960) 
Duplex stainless steels have existed for more than 80 years. An alloy called 453E 
(25%Cr-5%Ni) was the first wrought DSS alloy produced by Avesta Jernverk - Sweden 
in the year 1929, This grade was developed to reduce the intergranular corrosion 
problems associated with the early high-carbon austenitic stainless steels and was 
primarily used in the sulfite paper industry [4], In 1930, J. Holtzer Company, France 
made another alloy of 20%Cr-8%Ni-2.5%Mo composition through an alloying error 
instead of 18%Cr-9%Ni-2.5%Mo austenitic stainless steel grade. This alloy containing a 
higher volume of ferrite in the austenite matrix, when properly solution heat treated, 
showed better corrosion resistant to intergranular corrosion in different corrosive 
environments compared to austenitic stainless steels [6, 24, 27]. 
After World War II, AISI Type 329 had been established mainly for the use in heat 
exchanger tubing for nitric-acid service. In subsequent years, some properties of duplex 
stainless steels with resistance to intergranular corrosion, and higher mechanical 
properties compared to austenitic stainless steels had attracted “Pioneer” companies to 
develop duplex stainless steels. Different grades of both wrought and cast duplex 
stainless steels were developed and have been used for a variety of processing industry 
applications including vessels, heat exchangers and pumps [1, 4]. 
Although these first-generation of duplex stainless steels provided good performance 
characteristics, they had detrimental characteristics that limited their applications in 
industry. The high carbon contents causes sensitization in the heat affected zone and weld 
regions results from the appearance of undesired secondary phases and intermetallic 
precipitates (e.g., sigma, chi, and metal carbides). Furthermore, excessive ferrite content 
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in the heat affected zone of the welds lowers toughness and significantly reduces 
corrosion resistance. The heat-affected zone (HAZ) of welds had low toughness because 
of excessive ferrite and significantly lower corrosion resistance than that of the base 
metal [4, 6]. 
2.2.2 Modern Development (1960-2000) 
Due to the significant improvement with the steel production techniques associated with 
the introduction of the vacuum and oxygen decarburization practices during the late 
1960s and early 1970s, the production of cleaner grades of steel with a very low carbon 
level and well controlled nitrogen content has been made possible [6]. 
The increase in the price of austenitic stainless steels, arising from the nickel shortage 
during this period of time, in combination with increased demand on stainless steel 
materials that are able to handle aggressive environments in the offshore oil industry, has 
resulted in the rapid development and use of duplex alloys with lower levels of carbon, 
sulphur, and other impurities [1, 6]. 
During the 1970s and early 1980s, a second generation of duplex steels was introduced 
with improved welding properties mainly through nitrogen alloying. Nitrogen has two 
main beneficial effects; stabilising the austenite phase and maintaining a phase balance 
by increasing the temperature at which austenite begins to form. Therefore, even at 
relatively rapid cooling during welding, the equilibrium level of austenite can almost be 
reached. The development of the nitrogen 22%Cr commercial grade (2205) duplex 
stainless steel has resulted in good resistance to corrosion, high strength (Table 2-3) and 
high temperature stability on welding, due to stabilising austenite and maintaining a good 
balance of alloy chemistry. A wide variety of product forms of this alloy have found wide 
spread usage in many industries where resistance to general corrosion and chloride stress 
corrosion cracking are of main concern. In addition the increased strength allows wall 
thickness reduction of the products and reduced risks arising from handling damage [4, 
6]. 
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The success of 2205 alloy led to the development of the super duplex stainless steel to 
withstand more aggressive environments, but was found to be more susceptible to 
precipitation (e.g., sigma, chi, and nitrides) as a result of the higher alloying elements 
content. It is generally characterised by having a pitting resistance equivalent number 
PREN (PREN = Cr + 3.3 Mo + 16 N) greater than 40 which indicated by the relatively 
high critical pitting temperature (CPT) when compared to 304 and 316 austenitic stainless 
steels (see Table 2-3). [4, 17] 
Table 2-3 Comparison of the corrosion resistance,and mechanical properties of 
grade 2205 duplex stainless steel , austenitic types 304, 316 and 317[4].  
Alloy 
Chemical Composition Corrosion Resistance Mechanical Properties 
Ni wt% Mo wt% CPT (o CCCT (C) o TS (Mpa) C) 
AISI 2205 4.5-6.5 2.5-3.5 35 20 620 
Type 304 8-10.5 -- -- -2.5 515 
Type 316 10-14 2-3 15 -3 515 
Type 317 11-15 3-4 19 2 517 
CPT: Critical Pitting Temperature (ASTMG-48A); CCCT: Crevice Corrosion Critical Temperature (ASTM 
G48B); TS: Tensile Strength [28]. 
2.2.3 New Developments in Duplex Stainless Steel 
The higher production cost of the 2205 alloys, resulting primarily from the costs 
associated with the alloying elements, has limited the applications as an alternative to the 
commercial grades of austenitic stainless steel such as 304, 316, and 317 especially when 
its high strength and corrosion resistance exceed the requirement of its application. Thus, 
it was recommended to provide new weldable grades of duplex stainless steel with a 
higher corrosion resistance than those commonly used in lieu of austenitic stainless steel 
grades, and lower production cost than the 2205 alloy. New grades of duplex stainless 
steel (Table 2-4) have been introduced in the market based on their economic benefits, 
ease of fabrication: welding, casting, and machining; improvement in design properties; 
and increased availability [4, 15, 29-31]. 
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 Table 2-4 The most popular duplex grades[1, 32]. 
 
Figure 2-3 shows the increase of crude production of duplex stainless steel according to 
the global market during the period from 2000 to 2007[1]. 
 
Figure 2-3 Crude production of duplex stainless steel according to global market[1]. 
2.3 Duplex Stainless Steel Family 
The success of duplex stainless steels has contributed to the development of an entire 
family of duplex alloys which can be divided based on their chemical composition and 
PREN number into essentially four groups: 
a. Lean Alloy  
Lean alloys are Mo free duplex stainless steels with relatively reduced Ni content with 
respect to the standard 22% Cr stainless steel. The reduction in the content of these 
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expensive alloying elements has been compensated by increasing the quantity of cheaper 
alloying elements such Mn and nitrogen for maintaining the correct ferrite/austenite 
balance. These alloys have seen a significant development over the last years due to their 
lower cost with respect to its strength and corrosion resistance. The low cost grades of 
DSS (Table 2-5) provide alternatives to AISI 304 and 316 in many applications such as 
structural supports for the onshore and offshore oil and gas industry, architectural and 
building, waste water treatment facility, automotive, and transportation. 
Table 2-5 Comparison between some popular grades of lean duplex stainless steels 
and the commercial 304L, and 316L austenitic stainless steels[1]. 
 
b. Standard 22%Cr  
This is the most popular group in the duplex stainless steel family with PREN values 
ranging from 30-36 include SAF 2205 duplex stainless steel. In general, this group of 
stainless steels has higher corrosion resistance than the commercial austenitic stainless 
steel (e.g., 304, 310, and 316). 
c. 25% Cr High Alloy 
This category of stainless steel with variable content of a wide range of alloying elements 
such as Mo, N, Cu, and W has a PREN ranging from 32 to 40. This includes Ferralim 255 
and cast ASTM A890-1B. 
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Table 2-6 Composition and PREN for different duplex stainless steel grades, 
austenitic and super-austenitic steel grades[4] 
 
d. Super Duplex  
Super DSS’s of the type 25-26Cr and higher Mo and N contents compared to high alloys, 
have a PREN values greater than 40. These include SAF Alloy 2507 and Zeron 100 (cast: 
ASTM A890-5A and ASTM A890-6A respectively) [6, 27, 33].  
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Table 2-6 shows the chemical composition and PREN for different duplex stainless steel 
grades, austenitic and super-austenitic steel grades [1]. 
2.4 Metallurgy of Duplex Stainless Steel and its Welds 
The word “Duplex” indicates the existence of both austenite and ferrite phases in equally 
volumetric phase fraction of 50%:50%. However, all duplex stainless steels solidify as 
100% ferrite, the desired phase balance is generally maintained by the partial solid-state 
transformation to austenite that depends on alloying constituents, processing temperature, 
and cooling rate [8]. The simultaneous presence of both phases in DSS leads to its 
improved mechanical properties, weldability, and superior corrosion resistance especially 
to chloride induced stress corrosion cracking (SCC) [8, 10, 34] . 
 
Figure 2-4 Iso-corrosion diagram showing stress corrosion cracking susceptibility 
for various stainless steels. 
Presence of ferrite with austenite provides better localised corrosion resistance compared 
to fully austenitic stainless steels (Figure 2-4), and improves hot cracking resistance. 
Conversely, formation of detrimental secondary phases and intermetallic precipitates is 
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promoted due to the presence of ferrite and favoured at ferrite/austenite interfaces. Thus, 
it has been observed that 55-60% of austenite, due to higher concentration of austenite 
promoting elements, allows better control of the microstructure in welds and heat 
affected zones formed during welding [6, 8] . 
2.4.1 Alloying elements 
DSS alloys contain a number of alloying elements that play a significant role in the 
improvement of their mechanical properties and corrosion behaviour and/or controlling 
their microstructure. This reflects the importance of understanding the influence of each 
element on microstructure, mechanical properties, and corrosion behaviour [2, 6]. 
Chromium 
Chromium is a ferrite promoting element that is added primarily to provide corrosion 
resistance to the steel as well as stabilising the ferrite microstructure. It has been shown 
that steel alloys that contain more than 22% of chromium show a marked increase in 
localised corrosion resistance (i.e., pitting corrosion resistance and crevice corrosion 
resistance). However, it is recommended to hold Cr contents below 27% to retain 
ductility, toughness, while maintainng superior corrosion resistance. In addition, Cr is 
generally held as close as possible to the minimum value of the range in order to reduce 
cracking in cast products [2, 6]. 
In contrast, Cr is considered to be the key ingredient in the formation of detrimental 
secondary phases and intermetallic compounds such as sigma, chi, and chromium 
carbides that cause sensitisation, leading to massive loss in the corrosion resistance of the 
alloy [2, 6]. 
Nickel 
Ni as an austenite promoting element is primarily added to balance the microstructure 
and maintain the desired ferrite/austenite ratio in the predominantly austenite or 
austenite/ferrite duplex stainless steels. Nickel is not considered to be a strong carbide 
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former or in general, any detrimental precipitate. It improves general corrosion resistance 
especially in reducing environments such as those contain nitric or sulphuric acids [2, 6] . 
On the other hand, excessive Ni tends to increase the concentration of ferrite promoting 
elements in the remaining ferrite. This increases the susceptibility to the formation of the 
detrimental Cr enriched phases (e.g., sigma phase) that reduce corrosion resistance and 
alter mechanical properties. Moreover, some studies [35, 36] state that additions of Ni 
increase the temperature range over which sigma phase is formed. It was also shown   
that the addition of Ni to 20% Cr stainless steel increases its susceptibility to chloride 
induced stress corrosion cracking [2, 6]. 
Molybdenum 
Mo has multiple functions that mainly depend on the particular grade. Similar to Cr, Mo 
is a strong ferrite former and must be kept on the lower range side to avoid increase to 
cracking susceptibility. Although Mo substantially increases the tensile strength at high 
temperature. In addition, Mo content should be kept below 3.5% if resistance to chloride 
induced stress corrosion cracking is of major concern [2, 6]. 
Interstitial Elements: Carbon and Nitrogen  
Carbon and nitrogen are powerful solid solution strengthening agents and strong austenite 
promoting elements. Nitrogen, in particular is 20 times more effective than nickel as an 
austenite stabiliser on a weight percent basis, thus, the addition of nitrogen reduces the 
cost of stainless steel production by reducing its Ni content. Nitrogen also improves 
localised corrosion resistance and considered to be 16 times more effective than Cr with 
respect to pitting corrosion resistance. However, the introduction of nitrogen introduces 
complex phase transformations in duplex stainless steels [2, 6] 
Nitrogen solubility in steel, which is generally low, is highly dependent on the 
composition of steel. Elements such as Cr, Mo, and Mn enhance nitrogen solubility while 
increasing other elements like Cu and Si decrease it. For duplex stainless steel, it has 
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been reported that if nitrogen solubility exceeds a certain limit, Cr2
Carbon atoms unlike nitrogen combine with other elements to form metal carbides such 
as Cr
N will precipitate in 
the ferrite phase and will be observed in the weld metals and HAZs [2, 6]. 
23C6
Silicon 
, which introduce sensitisation and results in massive degradation in corrosion 
resistance. Thus, for many duplex stainless steels, it is usually desirable to keep carbon 
weight percent below 0.03 [2, 6]. 
Although the role of Si in promoting ferrite or austenite is not entirely clear, higher levels 
of Si appear to promote ferrite. It is added primarily for deoxidation during melting and 
increasing fluidity of the liquid metal for cast products. Conversely, it is recommended to 
keep Si level below 1% as Si tends to segregate during solidification, resulting in the 
formation of low melting eutectic phases such as sigma phase [2, 6]. 
Manganese 
In general, Mn is considered to be an austenite promoting element but the degree of 
promotion depends upon the amount and level of the existing Ni. Mn is also beneficial in 
increasing the nitrogen solubility in liquid steel as previously discussed. Although Mn is 
found to produce good corrosion resistance, it tends to combine with sulphur to form 
inclusions which weaken the passive film. [2, 6] 
Other elements 
Nb and Ti tend to form carbides, thus, they are added to some stainless steel to tie up 
carbon atoms and reduce susceptibility to intergranular corrosion, which result from 
chromium carbide formation. W and V are added to some specialty stainless steels to 
improve strength at high temperatures by forming a fine dispersion of carbides.  
2.4.2 Phase Balance 
As duplex stainless steel contains more ferrite promoting elements (i.e., Cr, Mo, and Si) 
than austenite promoting elements (i.e., Ni, N, and carbon), DSS solidifies initially as 
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ferrite then austenite starts to nuclei and grow as temperature decreases below the ferrite 
solvus line. With a further reduction in temperature, the equilibrium composition of the 
ferrite and austenite is continuously changing according to their solvus lines as shown in 
Figure 2-5. Simultaneously, diffusion is slowing as temperature falls until reaching the 
final phase composition that exists at temperatures below which diffusion can no longer 
takes place. Thus, the required phase composition can be maintained by quenching at that 
temperature. 
 
Figure 2-5 Elevated temperature region of pseudo binary phase diagram for duplex 
stainless steel composition.[37] 
Figure 2-6 shows typical equilibrium microstructure of wrought and cast duplex stainless 
steels. Lathes of austenite in ferrite matrix have been observed in the wrought duplex 
stainless steel parent metal, while austenite islands appears in ferrite matrix for cast 
duplex stainless steel [6, 37]. 
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Figure 2-6 Typical microstructure of (a) wrought duplex stainless steel, (b) cast 
duplex stainless steel[6] 
2.4.3 Precipitation Reactions 
A major drawback associated with the application of DSS in industry, is the complex 
metallurgical reactions that occur at temperatures lower than the hot-working or 
annealing range of 300oC to 1000o
Figure 2-7
C. This results in the manifestation of a wide range of 
undesirable precipitates. It has been shown that most of these precipitates concern ferrite 
or ferrite promoting elements as shown in  and nucleate preferentially within 
austenite grains and/or at the ferrite austenite interface. Introduction of these secondary 
phases alters the mechanical properties and has detrimental effects on the corrosion 
behaviour of DSS alloys with respect to the untreated base metal. 
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Figure 2-7 Possible precipitates in duplex stainless steels [27] 
a) Sigma Phase 
Sigma phase is the most common detrimental secondary phase that is formed and 
observed in heat treated duplex stainless steels. It has a typical chemical composition of 
Fe-30Cr-4Ni, and Mo depending on the original Mo composition of the alloy. Sigma 
phase has harmful effects on the mechanical properties, specifically ductility and 
toughness, and is detrimental to corrosion resistance of stainless alloys. It is evident from 
the typical composition for sigma phase that the higher Cr and Mo content (compared to 
the matrix) indicates that the matrix surrounding the sigma phase is depleted in both Cr 
and Mo that reduce strength of the protective oxide film of these regions and make it 
more susceptible to corrosion. 
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Sigma phase formation is highly promoted by the presence of ferrite because of the 
following [6, 38]: 
• Sigma phase has similar composition close to that of ferrite. 
• Sigma- forming elements (i.e., Cr, Mo and W) have diffusivity in ferrite 100 
times greater than in austenite. 
• Sigma phase nucleation is favoured at ferrite/austenite interfaces.  
In addition to the above, ferrite phase is thermodynamically metastable at temperatures 
where sigma phase precipitates. Thus, formation of sigma is simply the transformation of 
the ferrite phase from a metastable state to an equilibrium state. 
From the isothermal studies of Redjaimia et al. [39] and Wang et al. [40] on 23Cr-5Ni-
3Mo-Fe and Zeron 100, it has been shown that sigma phase nucleates on carbides or co-
precipitate with secondary austenite.  It has been concluded that the morphology of sigma 
phase (Figure 2-8) varies when it precipitates at ferrite/austenite or at ferrite/ferrite 
interface or co-precipitates with secondary austenite [40, 41]. 
 
Figure 2-8 Different morphologies of sigma phase 
Sigma phase is prone to form in DSS over a wide range of temperatures, typically 600oC 
to 1000oC [40-45].  Further, its chemical composition may vary when formed over 
different temperature ranges[46]. Previous studies [40-42] have shown that super duplex 
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stainless steels tend to have the widest temperature range over which the sigma phase is 
formed. In addition, chemical composition of sigma phase is very similar to those of 
other precipitates such as Chi and R-phase, thus, identification of sigma phase by its 
chemical composition is not recommended [40, 47] and should be done by its 
crystallographic orientation. Chi phase, for example, has a chemical composition close to 
sigma phase but has a completely different crystalline structure (Table 2-7) [42, 44, 45]. 
Table 2-7 Crystallographic data for various phases 
 
Studies [40-42, 48] showed that after prolonged aging Chi and R phase are dissolved and 
converted to sigma phase which indicates relative stability of sigma phase compared to 
Chi and R phase. Solution annealing with fast cooling can remove sigma phase in the as-
cast or as rolled materials. It is also interesting to note experience has shown that solution 
annealing at higher temperatures decreases the tendency to form sigma phase. The reason 
behind this phenomenon is that a high solution annealing temperature tends to increase 
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the volume fraction of ferrite, which consequently is diluted with respect to ferrite 
forming elements. [6, 38]  
b) Chi Phase 
Although Chi (χ) phase has a chemical composition similar to sigma phase, it contains 
more Mo content and is considered more detrimental to localised corrosion resistance 
compared to the sigma phase. Chi phase is found in duplex stainless steels but normally 
in smaller quantities than sigma phase [35, 49, 50]. It is formed in the temperature range 
from 700oC to 900oC but it has been shown that precipitation rate of chi phase is faster in 
the temperature range from 800oC to 850o
c) R Phase 
C [6]. 
R phase with chemical composition of approximately 30Fe-25Cr-35Mo-6Ni-4Si 
precipitates at a temperature range from 550 to 800oC causing detrimental effect on 
corrosion resistance as well as toughness of the material. It has been shown that R phase 
mostly precipitates within the temperature range from 550 to 650o
d) Secondary Austenite 
C and is rarely found at 
higher temperatures. 
Secondary austenite is usually found at austenite/ferrite grain boundaries or within ferrite 
grains and generally formed by eutectic reaction as a Widmanstätten precipitate within a 
temperature range from 650 to 700o
Figure 2-9
C. It is easily distinguished from primary austenite by 
its morphology ( ) and chemical composition.  
Figure 2-9 Different secondary austenite morphologies [27] 
 
Secondary 
austenite 
Primary 
austenite 
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e) Chromium Nitride (Cr2N) 
Cr2N is formed at temperatures ranging from 700oC to 900oC mainly in the high ferrite 
content regions. It is most likely to occur due to the super saturation of nitrogen in ferrite 
that occurs as a result of rapid cooling from a high solution temperature [41, 48, 51-53]. 
It has been shown that for a given cooling rate, formation of Cr2
Cr
N is highly dependent on 
nitrogen content [52]. Intermediate nitrogen content leads to the formation of the largest 
amount of chromium nitride[6, 53]. 
2
f) Carbides 
N was found to consist of elongated particles which often precipitate intergranularly, 
and globular particles which precipitates intergranularly either at ferrite/ferrite grain 
boundaries or ferrite/austenite phase boundaries[51, 53]. 
Carbides are primarily formed at the ferrite/austenite interfaces in a temperature range of 
427°C - 816°C, causing a massive reduction in the intergranular corrosion resistance as a 
result of the presence of chromium depleted regions adjacent to carbides. For super 
duplex stainless steels, carbide formation is not considered as important as it for 
traditional duplex stainless steel grades because of their lower carbon contents[6]. 
g) α-Prime 
α-Prime is a chromium rich precipitate that is formed during processing in the 
temperature range of 343°C-510°C and with increasing ferrite and Mo content which 
causes reduction  in the intergranular corrosion resistance. It has been shown that at 
299°C, material will lose toughness in 25 years, thus DSS alloys are in generally limited 
to a maximum operation temperature of 288°C [54]. 
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2.5 Duplex Stainless Steel Welds  
A major drawback significantly affecting the performance of duplex stainless steels is the 
microstructural changes associated with welding. Such microstructural changes and phase 
transformations may adversely alter the grain size, phase ratios and microstructural 
morphologies in the welded region [8]. Thermal cycles and the kinetics of phase 
transformations that occur during welding are believed to play an important role in these 
changes / transformations. [8] 
Changes in the base metal microstructure can affect properties (e.g., corrosion resistance, 
strength, etc.) which become more evident for the weld metal.  Therefore a study of the 
base metal microstructure will develop an understanding of microstructural changes 
occurring in the weld regions. [8] 
Welding filler materials (Table 2-8) are selected to create proper phase balance in the 
weld region, normally with higher nickel content than the base metal, in order to promote 
austenite formation during the rapid cooling associated with welding, and provide 
corrosion resistance at least equal to the base metal. Filler metals with boosted nickel 
content are used for joining recently developed high alloy base metals (super duplex 
alloys such as AISI 2507) [2]. 
Welding is an essential process in the fabrication of duplex stainless steel for numerous 
applications in industry. Thus, it is very important to understand the solidification and 
transformation phenomena occurring within duplex stainless steel fusion welds as well as 
the heat affected zones.  
Fusion welding, similar to casting, is classified as a first order transformation 
solidification process that generally involves the following six sequences; heating, 
melting, metallurgical reactions, solidification, phase transformation in the solidification 
process, formation of a solid structure in a weld geometry. 
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Table 2-8 Chemical composition of some of DSS welding filler metals [2] 
Grade 
Composition 
(wt%)* 
C Mn P S Si Cr Ni Mo N Cu 
E2209-XX 
Min. - 0.50 - - - 21.50 8.50 2.50 0.08 - 
Max. 0.04 2.00 0.04 0.03 1.00 23.50 10.50 3.50 0.20 0.75 
ER-2209 
Min. - 0.50 - - - 21.50 7.50 2.50 0.08 - 
Max. 0.03 2.00 0.03 0.03 0.90 23.50 9.50 3.50 0.20 0.75 
E2209TX-X 
Min.   0.50   - - 21.00 7.50 2.50 0.08 - 
Max. 0.04 2.00 0.04 0.03 1.00 24.00 10.00 4.00 0.20 0.50 
E2552-XX 
Min.   -   - - 24.00 4.00 1.50 0.08 2.50 
Max. 0.04 1.00 0.04 0.03 1.00 27.00 6.00 2.50 0.22 3.50 
E2553-XX 
Min.   0.50   - - 24.00 6.50 2.90 0.10 1.50 
Max. 0.06 1.50 0.04 0.03 1.00 27.00 8.50 3.90 0.25 2.50 
E2553TX-X 
Min.   0.50   - - 24.00 8.50 2.90 0.10 1.50 
Max. 0.04 1.50 0.04 0.03 0.75 27.00 10.50 3.90 0.20 2.50 
ER2553 
Min.   -   - - 24.00 4.50 2.90 0.10 1.50 
Max. 0.04 1.50 0.04 0.03 1.00 27.00 6.50 3.90 0.25 2.50 
E2593-XX 
Min.   0.50   - - 24.70 8.50 2.90 0.08 1.50 
Max. 0.04 2.50 0.04 0.03 1.00 27.00 11.00 3.90 0.25 3.00 
E2594-XX 
Min.   0.50   - - 24.00 8.00 3.50 0.20 - 
Max. 0.04 2.00 0.04 0.03 1.00 27.00 10.50 4.50 0.30 0.75 
* AWS Standard 
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Despite the process similarities between fusion welding and casting, there are a few basic 
differences that influence the structure and in sequence the properties of the final weld. 
These are summarized as below [8, 55]:  
• Local heating, melting and solidification occurs in welding as 
opposed to a complete melting in castings; 
• The thermal gradient present in both the liquid and solid at the 
solidifying interface can be 1,000 to 10,000 times greater in weld 
solidification than that in larger castings; 
• The growth rates at which the solid/liquid interface in the weld pool 
advances can be 10 to 100 times greater during welding than in 
castings; the micro structural evolution is thus under non-equilibrium 
conditions; 
• In welding, high peak temperatures up to several thousand o
• The motion of the molten metal within a weld pool is typically much 
greater than that experienced in a solidifying ingot; and 
C can be 
attained in a constricted region; 
• During ingot casting, the nucleation and growth of metal crystals 
takes place on pouring, generating the chill zone by heterogeneous 
nucleation in the mould wall. In contrast, the chill zone is absent in 
welding, since the partially melted base metal grains at the fusion 
boundary act as seed crystals for the growing grains. 
2.5.1 Segregation of Alloying Elements 
It has been pointed out by Farrar [56] that the transformation of delta ferrite to austenite 
and the formation of intermetallic phases are controlled by the local micro segregation of 
chromium and molybdenum and not the bulk concentration.  
Effect of elemental partitioning as a function of temperature has been studied by Atamart 
and King [57]. He noted that chromium partitioning was not significantly affected by 
temperature while molybdenum was found to partition preferentially to ferrite as the 
temperature decreases. Although it is well known that nickel tends to partition to 
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austenite, the most profound effect on phase balance is attributed to nitrogen by 
increasing the amount of austenite and reducing the amount of ferrite. The volume 
fraction of austenite is very sensitive to nitrogen addition, which proposes that 
maintaining phase balance in the weld metal can be successfully achieved by controlling 
nitrogen content in the filler material. 
2.5.2 Regions within the Fusion Weld 
Fusion welds are commonly divided into three main regions (Figure 2-10) that are 
classified by the heat exposure experienced during the welding process as follows [8, 58]: 
• Fusion Zone (Weld Material): is completely molten and has a maximum 
temperature above the liquidus temperature of the alloy.  
• Heat Affected Zone: is not melted during welding and exhibits a maximum 
temperature below the eutectic temperature of the alloy. 
• Base Material: is the metal to be welded which is not affected by the heat input. 
 
Figure 2-10 The three regions of a fusion weld - fusion zone, heat affected zone and 
the base material [8, 58] 
2.5.2.1 Weld Fusion Zone (FZ) 
In duplex stainless steels, the weld fusion zone will exhibit segregation of alloying 
elements. The primary solidification phase is normally ferrite that causes minimum 
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segregation of Mo and Cr during solidification. The element partitioning during a 
welding cycle is very complex and has high dependency on the heat input, chemical 
composition, and interpass temperature. Thus, duplex stainless steels are usually welded 
with filler metals of close chemical composition with at least 2% higher nickel content[6, 
47, 59]. 
On further increase in the nickel content of the filler metal, a reduction in the 
performance of the weld region may occur because of the followings[6, 60]: 
• Increase in austenite that dilutes the nitrogen content and thus reduces the 
corrosion resistance of the austenite phase and consequently the weld metal. 
• Increased concentration of ferrite promoting elements in the remaining ferrite that 
increase the susceptibility to the formation of detrimental secondary phases. 
• Reduction in ferrite content that might reduce the overall strength of the weld 
metal to an unsatisfactory value. 
 
2.5.2.2 Heat Affected Zone (HAZ) 
In general, the HAZ is exposed to variable cycles of heating and cooling with peak 
temperatures from solidus to ambient. In multipass welds, repetitive exposure to varying 
thermal cycles, influence the metallurgical aspects of the HAZ in terms of phase balance 
(i.e., ferrite precent), intermetallic precipitates, and grain growth. This, in turn, has a 
significant effect on the mechanical properties and corrosion behaviour [8, 47, 57, 58]. 
Ferrite content in duplex stainless steels welds has strong dependence on the heat input, 
cooling rate, and plate thickness. For a given plate thickness, heat input is inversely 
proportional to the cooling rate, while for a given heat input, plate thickness is directly 
proportional to the cooling rate. 
In duplex stainless steels, higher cooling rates reduce the transformation process to 
ferrite, resulting in a shift of the original phase balance toward ferrite. On the other hand 
slower cooling rate allows the transformation of ferrite to undesirable secondary phases 
and shift the original phase balance toward austenite. Also, alloying elements, 
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particularly nickel and nitrogen, alter the temperature range in which ferrite upon cooling 
transforms to austenite and/or intermetallic precipitates. Thus, different studies [21, 61-
63] have been conducted to compare degree of sensitisation with regards to cooling rate 
for different duplex stainless steel alloys. 
 In multi pass welds, reheating of the underlying weld pass caused by the subsequent 
passes, and the inter-pass temperature can lead to significant microstructural changes in 
the HAZ [8, 63]. 
2.5.3 Weldability of Duplex Stainless Steel 
The word weldability refers to the extent that a defect free weld with satisfactory 
mechanical properties and corrosion resistance with respect to the base metal can be 
generated, in order to achieve the desired level of performance. [6] 
2.5.3.1 Fusion Zone Solidification Cracking 
The fusion zone of duplex stainless steel welds is susceptible to solidification cracking in 
the presence of a crack - susceptible microstructure, which arises from the presence of 
low melting, impurity enriched liquid films. This can be avoided if chromium equivalent 
number (Creq = Cr + 1.5 Si + 1.4 Mo + Nb - 4.99) / nickel equivalent number (Nieq
2.5.3.2 Heat Affected Zone Liquation Cracking 
 = Ni + 
30 C + 0.5 Mn + 26 (N - 0.02) + 2.77) ratio lies in the range of 1.5 to 2.0. [6,8] 
Because of the low impurity level in duplex stainless steels as well as the high diffusivity 
of alloying and impurity elements at elevated temperature, the susceptibility of duplex 
stainless steels HAZ to liquation cracking is generally disregarded. This has been 
supported by Lippold et al [64]. 
2.5.3.3 Hydrogen Associated Cold Cracking 
Hydrogen associated cold cracking is governed by three factors: microstructure, 
hydrogen, and stress. Ferrite phase is considered susceptible to hydrogen assisted cold 
cracking because of its low toughness, high strength, and high diffusivity of hydrogen 
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into it. Thus, ferrite content needs to be controlled in order to minimise the susceptibility 
to hydrogen associated cold cracking. Another way to remove hydrogen cracking is to 
apply proper solution heat treatment to the weldment immediately after welding. 
However, it has been shown that, in some cases, preheating or post weld heat treatment 
may not be suitable. The best way to avoid hydrogen cracking, caused by introducing 
hydrogen during the welding process, is a proper shielding technique that eliminates 
hydrogen from the welding process [6, 65]. 
2.5.4 Primary Solidification Modes of Duplex Stainless Steel Welds 
Primary solidification modes of duplex stainless steel welds are highly dependent on the 
welds composition in terms of the ratio of the content of ferrite and austenite promoting 
elements, i.e. the chromium equivalent number (Creq) / nickel equivalent number (Nieq
There are five crucial categories for the different solidification modes that may occur 
during welding of stainless steel, namely[8]:  
). 
Likewise, cooling rate has a strong impact on the solidification modes of duplex stainless 
steel welds, thus, rapid cooling during welding is considered to be one of the critical 
factors that alter the microstructure of these alloys[8]. 
• single-phase austenite; 
• primary austenite with second phase Widmanstätten ferrite; 
• eutectic (allotriomorphic) ferrite and eutectic austenite; 
• primary ferrite with second phase austenite; and 
• single phase ferrite. 
 
These primary solidification modes have been investigated and well documented in many 
studies [66, 67]. Figure 2-11 shows the primary solidification modes in Fe-Cr-Ni alloys 
and resulting ferrite morphologies. 
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Figure 2-11 Schematic diagram of primary solidification modes in Fe-Cr-Ni alloys 
and resulting ferrite morphologies [8, 66] 
2.6 Microstructural Investigation Techniques 
The evaluation of duplex stainless steel microstructures requires proper etching 
techniques for optical light microscopy (OLM) and scanning electron microscopy (SEM). 
Various etchants and electro-chemical etching techniques have been developed to help 
reveal duplex stainless steel microstructures [49, 50, 68, 69]. 
Some of the most often mentioned etchants/etching methods for DSSs and their effects 
are as follows: 
1) Electrolytically etching in 10 % KOH solution at 5V. The etchant colours the 
ferrite yellow, sigma phase reddish brown, and the carbide black. Austenitic phase 
remains unattacked on etching [70]. 
2) Nilson et al. [49] developed a two-step electrolytic etching technique to obtain 
contrast from intermetallic phase. They first used dilute nitric acid (HNO3) to 
make the phase boundaries visible, followed by saturated potassium hydroxide 
(KOH) to enhance the contrast of the precipitates. The authors also utilized a dye 
Widmanstätten 
Austenite 
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etchant called Beraha etchant to produce as-welded microstructures with 
secondary austenite in high contrast. The etchant consists of 2.2 g (NH4)HF2, 0.2 
g K2S2O5, 18 ml HCl, 100 ml distilled H2
3) Cheng et al. [68] applied a solution made of 50 g K
O. Etching for a time in the range 10 to 
20 seconds colors ferrite blue while austenite remains virtually uncoloured. 
3Fe(CN)6
4) Sriram and Tromans [69] used Kallings reagent (1.5 g CuCl
, 30 g KOH and 100 
ml distilled water. Heating is required for this solution.  
2
5) Electrolytic etching with 10% Oxalic acid or 40% NaOH solution is also 
commonly applied methods for etching duplex stainless steels[6]. 
, 33 ml HCl, 33 ml 
alcohol and 33 ml distilled water) that etches ferrite dark and austenite light. 
6) Glyceregia, a mixture of HNO3
OLM techniques are used for the revelation of ferrite and austenite microstructure but 
found not to be sufficient for the identification of other secondary phases. Although SEM 
images shows good contrast between different phases, phase identification via SEM/EDX 
is not possible due to the similar chemical compositions of many of the secondary phases, 
e.g., sigma and chi phases. Thus, other techniques such as TEM/EDS, XRD, and EBSD 
are employed to identifying secondary phases by their crystallographic orientation. 
, HCl and glycerol, is another alternative for 
etching duplex stainless steels[6].  
2.7 Electron Backscatter Diffraction "EBSD" 
2.7.1 Introduction 
EBSD is a powerful quantitative SEM technique that may be utilized to produce accurate 
information on phase identification; grain boundaries; grains disorientation; and texture 
analysis. It has moved from the province of university materials and geology departments 
to industrial production control. While its penetration has yet to reach its full potential, 
the technique is well on the way to becoming yet another detector situated on the 
chamber of SEM. Specialized computer software, such as Flamenco, analyses the EBSP 
by detecting a number of Kikuchi bands using an optimized Hough transform. With a 
priori information about the candidate phases under the beam, the software determines all 
possible orientations with each phase and reports the best fit as the identified phase and 
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orientation. The EBSP is then considered indexed when its orientation and phase are 
known[71]. 
2.7.2 Application of the Electron Backscatter Diffraction "EBSD" Technique 
Recently, EBSD techniques have been widely used for microstructural characterisation 
and corrosion behaviour evaluation of various duplex stainless steel grades [71]. EBSD is 
a microtexture method for obtaining electron diffraction data from bulk samples in the 
scanning electron microscope (SEM) which allows more accurate measurements of the 
microtexture than conventional imaging methods (e.g. grain size, shape, orientation and 
boundary misorientations). Thus EBSD gives a new dimension to the study of phase 
transformations of duplex stainless steels. Analysis, by Saeid  et al., [72] of the texture of 
duplex stainless steel base metal subjected to friction stir welding found that ferrite and 
austenite grains in the stir zone "SZ" take a typical shear texture of bcc and fcc materials 
respectively. The influence of sigma phase precipitation on the texture of austenite in a 
duplex stainless steel UNS S31803 was investigated by Souza et al [73] where sigma 
phase quantification was precisely performed by electron backscattered scanning 
diffraction (EBSD). It has been found that the increase of the sigma phase precipitation 
enhances the amount of Brass texture (Cu-Zn Crystals) in the austenite phase.   
Furthermore, Berecz, Tibor etal., [74] employed EBSD to verify the presence of 
intermetallic precipitates in duplex stainless as a part of a microstructural evaluation 
while Hwang, Heejoon etal., [75] and Berecz, Tibor etal., [71] studied microstructural 
transformations that occur in heat treated duplex steels, in terms of phase identification, 
composition, and grains size, using EBSD techniques. Saithala, J.R., et al [102] employed 
(EBSD) techniques to characterise the damage initiation processes and the behaviour of 
austenite and ferrite phases in corrosive conditions. It has been found that the ferrite 
phase is preferentially attacked in LDSS. But in case of DSS the austenite phase is 
selectively attacked, whereas in SDSS both austenite and ferrite phases are attacked. 
[76,102] 
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2.8 Corrosion Behaviour of Duplex Stainless Steel 
2.8.1 Introduction 
It is well established that the superior corrosion performance of DSS is due to the 
alloying elements such as chromium, molybdenum and nitrogen, which are known to 
increase the pitting corrosion and stress corrosion cracking resistance of these steels in a 
variety of environments [17].  However, the review conducted in section 2 of this chapter 
on the microstructural and metallurgical characteristics of this group of alloy steels has 
shown that complex microstructural transformations can occur, such as dissolution of 
ferrite and the formation of undesirable precipitates.  These structural changes may be 
particularly evident after welding of these grade alloy steels where such changes can be 
attributed to the rapid cooling involved in most weld thermal cycles. Consequently, the 
formation of alloy depleted regions and undesirable precipitates can lead to a massive 
reduction in the corrosion resistance of the weld and make it more susceptible to different 
forms of corrosion such as pitting corrosion and stress corrosion cracking [6, 16-18]. 
Much research has been conducted primarily on the parent material and heat affected 
zones in terms of its susceptibility to various forms of corrosion and effects of addition of 
alloying elements. However there has been little research conducted on the corrosion 
characteristics and structural transformation of the weld metal in terms of the 
susceptibility to corrosion of the various successive weld layers namely the root, fill and 
cap layers [61]. Hence there is a need to systematically evaluate the susceptibility of 
different weld regions to various forms of corrosion (Galvanic, Crevice, Pitting, 
Intergranular, Stress Corrosion Cracking, and Hydrogen Attack) and correlate the 
microstructural changes that have occurred with the corrosion behaviour of these weld 
regions [10]. 
While the stress corrosion cracking (SCC) and hydrogen embrittlement (HE) resistance 
of duplex stainless steel in different environments is a major concern associated with 
these alloys, this topic is beyond the scope of this thesis, and hence the review presented 
in this section is mainly focused on the susceptibility of these alloys to pitting and 
intergranular corrosion of duplex stainless steels, particularly welded regions.  
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2.8.2 Intergranular Corrosion 
One advantage duplex stainless steels have over austenitic stainless steels is enhanced 
intergranular corrosion resistance. Studies [44, 77-80]  have shown that duplex stainless 
steels base metal and properly solution annealed cast metal that are free of detrimental 
intermetallic precipitates, i.e., carbides and/or sigma phase are immune to intergranular 
corrosion [81]. 
However, the formation of secondary austenite and other detrimental chromium enriched 
intermetallic phases such as M23C6
A shift in the phase balance also has a significant impact on intergranular corrosion 
resistance of duplex stainless steel. Gooch [47] indicated that high ferrite weld HAZ's are 
sensitive to intergranular corrosion. However, if an adequate amount of austenite is 
formed, duplex stainless steels are resistant to intergranular attack. This study emphasizes 
the need for optimising austenite to ferrite ratios in the steel[6]. 
, sigma, chromium nitride and chi phases [14] may 
sensitise the duplex stainless steel by creating adjacent chromium depletion regions and 
thus affect their resistance to intergranular corrosion [6, 16, 17]. 
Weld decay generally refers to the mechanism of intergranular corrosion occur in the 
weld regions, heat affected zones and the base material. For duplex stainless steels, the 
weld regions and the heat affected zone are expected to exhibit weld decay due to heating 
cycles associated with welding and the sensitisation temperature range. Heat flow and 
thermal history associated with welding time and temperature results in producing a high 
and intense heating effect in a short time that keeps a wide zone of metal in the 
sensitising range for a longer time, which leads to formation of detrimental intermetallic 
precipitates such as carbides and cause sensitisation (Figure 2-12) [8, 82] 
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Figure 2-12 Mechanism of sensitisation in austenite and ferrite phases in duplex 
stainless steels[8] 
2.8.2.1 Electrochemical Potentiodynamic Reactivation Tests 
A significant amount of attention has been given to the detection of sensitisation in 
duplex stainless steels, where the ferrite is understood to be attacked preferentially, 
particularly in strongly oxidising media. Many of the sensitization tests such as ASTM 
A262 Practice B [83], ASTM A763 and ASTM A923 tests are rapid tests are useful for 
providing a quick ranking of welds. However, these tests are destructive and/or only 
provide qualitative information. Furthermore, the ASTM A262 Practice E, and ISO 3651 
requires 24 hours testing and metallographic examination while the ASTM A262 Practice 
D requires 48 hours [8, 84]. 
In contrast, a non-destructive electrochemical testing method, namely a modified double 
loop electrochemical potentiodynamic reactivation (DL-EPR) test has been developed 
and applied successfully for quantitatively assessing the degree of sensitization of various 
grades of stainless steel. This technique is highly sensitive to electrolyte composition and 
operating conditions, however, the reliability of the test results is still maintained. 
The purpose of the test is to detect the extent of chromium depleted regions around 
precipitates in stainless steels. In duplex stainless steels, chromium depleted regions are 
formed around intermetallic precipitates, such as the sigma phase (rich in iron, chromium 
and molybdenum). The test involves conducting a potentiodynamic sweep from the 
passive region to the active region and measuring the activation and reactivation current 
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densities. The reactivation current is associated with corrosion of the chromium depleted 
regions surrounding chromium-rich precipitates. The following subsection describes the 
history of the development of this test. 
2.8.2.2 Development of DLEPR Test 
ASTM G108 [85], Standard Test Method for Electrochemical Reactivation (EPR) for 
Detecting Sensitization of AISI Type 304 and 304L Stainless Steels, describes the test 
procedure for 304 and 304L austenitic stainless steels, a solution of 0.5 M sulphuric acid 
+ 0.01 M KSCN (depassivator) at 30 °C. The parameter, Pa, is calculated, where Pa is the 
charge passed, Q, normalised with respect to the area of grain boundary, as shown in 
equation 1. 
[ ]Ga eA
QP 51.03101.5 −×=      Equation 1[85] 
 Here A is the specimen area and G is the grain size at 100 x factor, measured 
according to ASTM E112 [86]. This equation is based on the assumption that dissolution 
takes places uniformly over the grain boundary region may not represent the actual 
physical processes. The grain boundary width is assumed to be 10-4
The electrochemical potentiodynamic reactivation (EPR) method was developed in order 
to provide a better, quantitative method of measuring the degree of sensitisation (DOS) in 
welded components and the need for a rapid, non-destructive field test. 
 cm for all specimens 
[85]. 
This standardised single loop EPR test was difficult to perform as it needs a grain size 
measurement and is highly dependent on the surface finish. As a consequence of these 
limitations, Schultze et al. [87] have a modified double loop test for testing of duplex 
stainless steels. The solution used was 0.5M H2SO4 + 0.001 M TA (thioacetamide, used 
as depassivator), to reduce the extent of ferrite dissolution, and the test temperature was 
60 °C. The ratio of the reactivation charge (the charge measured, in coulombs, during 
reactivation) to the passivation charge (the charge measured, in coulombs, during 
passivation) was calculated. The reactivation charge was more sensitive to the amount of 
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intermetallic precipitation associated with a rougher surface, wet ground to 360-ASTM, 
than for a smoother surface, polished to 3 µm. Schultze et al. [87] further suggested that 
the DLEPR method could be applied to welds but did not demonstrate this[8]. 
Although this modified double loop test was optimised to suit most grades of duplex 
stainless steel, it was not found suitable for super duplex stainless steel as they remain 
passive, i.e. no signs of sensitisation under the applied test parameters were observed 
[18]. Thus, the development and optimization of a procedure based around the DL-EPR 
test for assessing sensitization in super duplex stainless steels (AISI 2507) is of great 
interest. 
2.8.2.3 General Principal of DLEPR Test 
The following sub section highlights the principle of the DLEPR (and modified DLEPR 
test). The specimen is immersed in an acid solution such that it is freely corroding in the 
active state. Anodic sweep polarization induces approximate Tafel behaviour until the 
current peak beyond which passivation ensues. The scan is then reversed. In the absence 
of active-depleted zones, the current may become cathodic since the passive current 
density may be less than the cathodic current at the potentials of relevance. The effective 
corrosion potential has become nobler due to the passive film. As the potential becomes 
less positive, the film may become unstable and start to dissolve (e.g., by reductive 
dissolution). However, the rate of dissolution is small, and with the sweep rate used, the 
anodic current is not able to rise substantially. The film is only completely reduced at 
quite negative potentials close to the initial corrosion potential. Note that if the system 
was held on the reverse sweep at the potential corresponding to the peak in the forward 
sweep, the current would simply rise to a value close to that in the forward scan, 
assuming the film is intrinsically unstable. It is the rate of change of potential relative to 
the rate of dissolution of the film that is the key factor. [18] 
When a depleted zone is present, the film locally is less protective and is more easily 
reduced. Hence, active dissolution of the depleted zones will occur more readily while 
adjacent material still retains some film, albeit a gradually thinning film. Thus, active 
dissolution occurs. The reason for the rise in current is probably a reflection of the spread 
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in activity associated with a spread of the extent of depletion and corresponding 
variations in the film properties (some sections reduced at higher potentials and some at 
lower potentials). Gradually, as the activity of all the sites builds up, this begins to be 
counteracted by the decrease in potential, reducing the current of the active regions 
because of Tafel behaviour. [18] 
The ratio (Ir/Ia) of the reactivation-current peak (Ir) to the activation current peak (Ia) 
(Figure 2-13) is used to establish the degree of sensitisation where a value less than 1% 
indicates sensitised is not unsensitised and value equal to or higher than 1% indicates that 
the material is sensitised. [8, 18] 
 
Figure 2-13 Principle of DL-ERP for degree of sensitisation (DOS) studies [8] 
2.8.2.4 Previous Studies on the DL-EPR Test 
Recent studies [16, 21, 61, 88] have employed, and/or modified the DLEPR to determine 
degree of sensitisation and hence susceptibility to intergranular corrosion. Bo Deng et al 
[14], successfully developed a modified DLEPR test using a solution of 33% H2SO4
Mehmet Emin et al  [88], and Tavares et al [7], performed DLEPR according to G 108 
using  2M H
 + 
0.1% HCl at 20 °C and scan rate of 2.5 mV/s. This optimised test condition was 
successfully employed to characterize the interactions between precipitation, chromium 
depletion and IGC of LDX2101 with high sensitivity and reproducibility. 
2SO4 + 0.5MNaCl + 0.01MKSCN at 30 ± 1 ◦C and a scan rate of 15 V/h to 
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determine susceptibility of wrought UNS S31803 duplex stainless steel aged at different 
temperatures to sensitisation and consequently to intergranular corrosion. Whilst Tavares 
et al, focused only on comparing corrosion resistance of specimens aged at different 
temperature, Mehmet Emin et al [88] correlated the measured degree of sensitisation to 
microstructure changes (e.g., austenite/ferrite ratio, intermetallic precipitates, grains size 
and morphology) which occurred within the aged samples. Correlation coefficients of 
0.978, 0.974 and 0.917 were calculated for samples aged at 650, 725 and 800°C 
respectively.  
Likewise, a solution of 33% H2SO4 solution with 0.3% HCl, at room temperature and at 
a potential scan rate dE/dt of about 2.5 mV/s, was chosen by AMADOU et al [89], to 
evaluate the sensitization of S31250 duplex stainless steels (DSS). Furthermore, B. 
Gideon [61] applied the DLEPR test to determine degree of sensitisation in 2205 duplex 
stainless steel weld and Cast Fe-24.60Cr-6.60Ni-3.12Mo-0.25N duplex stainless steel 
respectively using 0.5 M sulphuric acid (H2SO4
2.8.3 Pitting Corrosion 
) + 0.001 M thioacetamid (TA) 
solution[8]. 
Pitting resistance of stainless steels in chloride environments is essentially controlled by 
the steel composition particularly levels of chromium, molybdenum and nitrogen present 
[2, 6]. Endeavours have been made to develop a mathematical formula describing the 
relationship between the quantity of these elements and the pitting corrosion potential. 
The most commonly used expression is the so-called Pitting Resistance Equivalent 
Number PREN (Equation 2), which has been calculated from the bulk alloy composition 
[6]. This method may be accurate for duplex stainless steel alloys because they contain 
austenite and ferrite phases that are different in composition. Austenite is enriched with N 
whereas ferrite is richer in Cr and Mo. It has been found that, in general, austenite has a 
lower PREN than ferrite in the base material, whereas austenite has higher PREN than 
ferrite in the weld metal. [6] 
PREN = Cr + 3.3 Mo + 16 N   Equation 2 
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However, by preserving the ferrite/austenite balance via adjusting Ni, and the heat 
treatment temperature, Bernhardsson [90] could achieve a theoretical calculation 
resulting in an equal PREN for both ferrite and austenite, and the following expression 
has been proposed, introducing Tungsten as an active alloying element: 
PREW[91] = Cr + 3.3 Mo + 1.15 W + 16 N    Equation 3 
To achieve the best pitting corrosion resistance, the physical metallurgy and welding 
metallurgy of duplex stainless steels must be understood since the pitting resistance 
performance is a reflection of the mix of microstructural phases. The following areas that 
need to be addressed are [6]: 
• Balance of ferrite and austenite: too much ferrite can cause the formation of Cr2
• Control Ni content: Ni only should be used for controlling phase balance. High Ni 
will result in too much austenite and not enough Ni will promote the formation of 
too much ferrite. Higher Ni content also stabilizes sigma phase. 
N 
or other intermetallic phases and too much austenite will not only reduce the 
nitrogen concentration in austenite but also will result in greater segregation of Cr 
and Mo in the austenite [47]. 
• Select proper heat treatment temperature: unlike the solution heat treatment of 
fully austenitic stainless steels, solution annealing temperature has a significant 
effect on the balance of ferrite/austenite in duplex materials. For a given nitrogen 
content, the higher the solution annealing temperature, the higher the ferrite 
content will become. 
• Select proper welding procedures: this includes selection of welding parameters, 
joint geometry, heat input, filler metal and shielding/backing gases as needed. 
Excessive dilution and extremely fast or slow cooling rates should all be avoided. 
2.8.3.1 Critical Pitting Temperature 
ASTM G-150, standard test method for electrochemical critical pitting temperature 
testing of stainless steels, is used for the evaluation of the resistance of stainless steel and 
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related alloys to pitting corrosion by measuring a potential independent critical pitting 
temperature (CPT). The CPT is defined as the lowest temperature on the test surface at 
which stable propagating pitting occurs under specified test conditions indicated by a 
rapid increase beyond a set limit of the measured anodic current density of the specimen. 
[92] 
Another method to determine the potential independent CPT with an electrochemical 
technique involves a potentiodynamic (potential sweep) procedure performed on 
specimens at different temperatures. A comparison of the test method described below 
and the potentiodynamic technique has indicated no difference in the test result obtained. 
[92] 
2.8.3.2 Principle of Critical Pitting Temperature Test 
The test method determines the potential independent critical pitting temperature (CPT) 
by way of a potentiostatic technique using a temperature scan and a specimen holder that 
is designed to eliminate the occurrence of crevice corrosion. The specimen is exposed, 
either entirely or in part, depending on test cell configuration to a 1M NaCl solution, 
initially at 0°C. After an initial temperature stabilization period, the solution is heated at a 
rate of 1°C/min. About 60 s before the temperature scan is commenced, the specimen is 
anodically polarized to a potential above the pitting potential range. This potential is held 
constant during the whole temperature scan. A potential of 700 mV versus SCE (25°C) 
has been found suitable for most stainless steels. The current is monitored during the 
temperature scan, and the CPT is defined as the temperature at which the current 
increases rapidly, which for practical reasons is defined as the temperature at which the 
current density exceeds 100 μA/cm2 for 60 s. Pitting on the specimen is confirmed 
visually after the test. [92] 
2.8.3.3 Significance of Critical Pitting Temperature Test 
The CPT test method provides a prediction of the resistance to stable propagating pitting 
corrosion of stainless steels and related alloys in a standard medium. The CPT test can be 
used for product acceptance, alloy development studies, and manufacturing control [92].  
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The standard parameters recommended in this test method are suitable for characterizing 
the CPT of austenitic stainless steels and other related alloys with a corrosion resistance 
ranging from that corresponding to solution annealed UNS S31600 (Type 316 stainless 
steel) to solution annealed UNS S31254 (6 % Mo stainless steel)and may be extended to 
stainless steels and other alloys related to stainless steel that have a CPT outside the 
measurement range given by the standard parameters described in this test method. 
Appropriate test potential and solution must then be determined. 
For SAF 2507 (studied material) CPT can be as high as 80 °C (176 °F), however, it must 
be realized that these results are obtained for optimum conditions; that is, the material is 
well heat treated, the composition is well balanced and surface is well prepared. 
Realistically, materials in service may not achieve the CPT obtained in laboratory 
experiments [6]. 
Many researches [10, 48, 52, 69, 75, 76, 81, 93] were conducted to determine the critical 
pitting temperature of a number of duplex stainless steel as evidence of pitting corrosion 
susceptibility in aged and welded conditions. A good agreement between the 
conventional, time consuming, test methods as standardised in ASTM G48, method C, 
for determining critical pitting of stainless steels and related alloys, by immersion of the 
test specimens at various temperatures in acidified ferric chloride solution followed by 
microscopic inspection of the corroded specimen, and the electrochemical measurement 
of the critical pitting corrosion temperature as standardised in ASTM G150. It was also 
found that the corrosion resistance for duplex stainless steel alloys is highly dependent on 
different microstructural factors such as austenite/ferrite ratios and contents of alloying 
elements, such as chromium, nickel, and molybdenum, which stabilize the passive film.  
In addition, the effect of annealing temperature on pitting resistance of 25% Cr duplex 
UNS S32550 was investigated. CPT and pitting potential were determined for this alloy 
after annealing at 1020, 1060, 1100 and 1140°C. The higher values of CPT and pitting 
potential were found after annealing at the lower temperatures. Pitting was always 
observed preferentially in the ferrite phase. The results can be partially explained by the 
changes in chemical composition of ferrite and austenite phases [94]. Role of alloying 
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elements Cr, MO and N may need to be considered to fully understand the relative pitting 
resistances of austenite and ferrite. These could include levels of other beneficial 
elements such as copper, levels of harmful elements such as sulphur or phosphorus and 
synergism between elements such as nitrogen and molybdenum [94]. Another study was 
made of the corrosion behaviour of both plasma and electron beam butt welded UNS 
S32750 super duplex stainless steel plate of a 3mm wall thickness. The critical pitting 
temperature (CPT) was determined in ferric chloride solutions and correlated to the 
different microstructures obtained [95]. 
In Summary, microstructures of DSS may change during fabrication processes such as 
welding, or due to changes in the alloy composition of the steel. In section3.2 of the 
present work, impact of the adopted welding procedure in terms of heat input, cooling 
rate and filler metal composition on the microstructural changes has been studied.  
Electrochemical behaviour of SAF 2507 super duplex stainless steel and their 
susceptibility to pitting, intergranular corrosion has been investigated in section 3.3. In 
addition, section 3.3.3 investigate the validity of the modified DLEPR test procedure for 
measuring the degree of sensitisation induced within the different weld passes and 
optimised the testing conditions to suit SAF2507 super duplex stainless steel. 
Finally, effect of the observed microstructure changes occurred within the different weld 
passes on corrosion behaviour of these weld passes has been discussed in comparison to 
the corrosion behaviour of the unaffected parent metal in section 4.4. 
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3 
This section, broken down into four sub-sections, presents a description of the 
experimental procedures adopted for the current study. The first section (3.1) contains 
details of duplex stainless steel base materials selected for the program of study, filler  
EXPERIMENTAL PROCEDURES 
 
 
Figure 3-1 Flowchart showing the experimental procedure adopted for this study 
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metal, and the adopted welding condition. Section 3.2 contains information on the 
analytical techniques adopted for microstructural characterisation and phase 
determination, to include optical, and scanning electron microscopy, energy dispersive X-
ray spectroscopy, x-ray diffraction (XRD), electron back-scattered diffraction (EBSD) 
and hardness measurement in terms of Vicker's Hardness.  Electrochemical tests that 
have been employed for determining the overall corrosion characteristics of the various 
weld regions and susceptibility to various forms of localised corrosion (i.e., inter granular 
corrosion and pitting corrosion) are detailed in section 3.3. An overview of the 
experimental methodologies and procedures adopted are presented below in the form of a 
flowchart as shown in Figure 3-1.Error! Not a valid bookmark self-reference. 
3.1 Material and Sample Preparation 
The alloy chosen for study in this research program was alloy 25 Cr-7Ni-4Mo grade 
SAF2507 (ASTM 240 / UNS32750) ferritic - austenitic super duplex stainless steel. This 
alloy has been widely in many industries, such as mining and pulp and paper, where 
equipment and / or pipes are subjected to highly aggressive environments, and   hence is 
considered to be a good representative of the super duplex stainless steel family. 
Two plates (10mm thickness) wall thickness of wrought metal were employed and 
welded using Sanvick 25.10.4.L solid wire as filler material as shown in Figure 3-2.  
Table 3-1 and 
Table 3-2 show typical chemical compositions of the employed base material and filler 
metal respectively.   
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Figure 3-2 SAF 2507 super duplex stainless steel welded plate 
Table 3-1 Typical chemical composition for AISI 2507 duplex stainless steel plate 
P (max) S(max) C(max N(max) Si Cr Mn Fe Ni Mo Total 
0.035 0.015 0.03 0.3 0.8 25 1.2 61.67 7 4 100 
 
Table 3-2 Typical chemical composition for the used 2507 filler wire 
C Cr Ni Mo N Mn Si Fe 
0.02 25 9.5 4 0.25 0.4 0.35 Rest 
Welding was performed using the Manual Gas Tungsten Arc Welding (GTAW) 
technique with 99.999 per cent argon as shielding gas with root spacing of 2.0-3.0 mm, 
included angle of 70o, and in accordance with AS3992 – 1998 "Boiler and Pressure 
Vessels – Welding and Brazing Qualifications. The adopted groove design was "Single 
Vee" Butt weld. Refer figure (3-3). Upon completion of welding all welded samples were 
visually inspected and found free of any surface defects both internally and externally by 
using liquid dye penetrant tests and radiography x-ray. 
 
Figure 3-3 Typical geometry of single vee weld 
 
Included 
Angle 70o 
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Table 3-3 Employed welding variables 
Weld Pass 
Voltage 
range 
Amperage 
range 
Travel 
Speed 
mm/min 
Heat Inputs 
J/min 
1-2 (weld 
root) 
9-12 90-95 63-75 
0.65-1.09 
KJ/mm 
3-6 (weld 
filler) 
9-12 100-115 70-80 
0.68-1.13 
KJ/mm 
7-13 (Weld 
Cap) 
9-12 100-115 70-80 
0.68-1.13 
KJ/mm 
Half and full weld specimens were sectioned to a size that fits into 20 mm mounting 
space on Kemet hot mounting press using BUEHLER's IsoMet® 1000 Precision Saw fine 
precise saw.   Samples were then mounted in both conductive (see Figure 3-4), and non-
conductive epoxy resin (is suitable for SEM and corrosion testing respectively) , 
mechanically polished using a succession of various grades of abrasive SiC papers, 
progressing from 120 to 2000 mesh, polished with diamond suspension to provide a 
finish of one micron, and finally cleaned with pure ethanol and dried with air. Test 
specimens were then stored in desiccator and freshly repolished prior to use in the 
experiments. 
 
Figure 3-4 Macro image of half weld test specimen mounted in conductive epoxy 
resin 
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3.2 Structural Characterisation and Phase Identification 
3.2.1 Optical Microscopy Studies 
Optical microscopy was conducted using an EPI-Elimination microscope at various (50-
1000X) magnifications. Images were captured using Pro Plus image software. The main 
purpose for optical microscopy studies was to identify the existence of any intermetallic 
precipitates in the weld region and distinguish the ferrite and austenite phases, with 
respect to size, shape and distribution in the various weld regions and surrounding area. 
ASTM A923 method A was employed to confirm the existence and / or absence of 
intermetallic phases in the different weld regions. The mounted specimens were polished 
to a finish of one micron, electrochemically etched in 40 wt. %. NaOH solution with an 
applied voltage of 3V for 15 - 60s. The electrolyte was selected in order to identify any 
intermetallic precipitates as well as to provide contrast between the austenite and ferrite 
phases. When etching is performed with a platinum cathode for 5 to 60s, any 
intermetallic phase is revealed by yellow, then brown, staining, followed by staining of 
the ferrite. Signs of precipitation or waviness along the phase boundaries are not acceptable. 
[6] 
3.2.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray 
Spectroscopy (EDS) Analysis  
Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) 
were carried out using FEI Quanta 200 ESEM with EDAX Si(Li) X-ray detector and 
Gatan Alto Cyro stage. SEM was used to determine the weld surface topographical 
features as well as to identify microstructural features associated with the austenite and 
ferrite phases. SEM was performed at 50 to 35,000X magnification by standard 
procedures, utilising secondary electrons for identification of phases and back scattered 
electrons (BSE) for identification of elemental distribution with varying atomic numbers. 
EDS was used to identify austenite and ferrite phases based on the difference in their 
chemical composition and to show how austenite and ferrite phases were distributed 
within the various weld regions and parent metal for all weld samples. 
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3.2.3 Determination of Ferrite / Austenite Phase Ratio in the Different Weld 
Regions 
Following identification of the dominant phases present (i.e., austenite and ferrite), 
ASTM E562-11 "Standard Test Method for Determining Volume Fraction by Systematic 
Manual Point Count" [96] was employed to determine the  austenite / ferrite ratios within 
the various weld regions and parent metal. 
Manual point counting per ASTM E 562-11 represents a systematic manual point 
counting procedure for statistically estimating the volume fraction of the identifiable 
phases (austenite and ferrite) from sections through the microstructure by means of a 
point grid. This method was applied on images obtained from the optical microscope 
images, selecting a suitable magnification grid, typically 100X, and finally counting 
intersections of the grid with each phase. 
This method may not be accurate because of high possibility of errors that might arise 
from selecting improper section, magnification, and grid size. 
3.2.4 X-Ray Diffraction Analysis (XRD) 
XRD was used to characterize different phases and precipitates on welded specimen and 
to determine if the sigma phase was present. D8 ADVANCE X-ray diffractometer 
(Figure 3-5) was employed to identify presence or absence of intermetallic precipitates in 
the weld region and parent metal by detecting peaks appeared at different angles and 
compared to values obtained from literature. 
Two thin square slices, of approximately 3mm thickness and 10 mm length, were 
sectioned from the welded samples using a low speed, low deformation  BUEHLER's 
IsoMet® 1000 Precision saw. The first sample represents the weld (cap, filler, and root) 
while the other represents the parent metal. The test specimens were held in place in the 
middle of the sample cup by using a piece of wax.  This ensured that the top of the 
sample was even and smooth (polished to a surface finish of 1 micron) and level with the 
top of the sample cup. 
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Figure 3-5 D8 advance X-ray diffractometer 
3.2.5 Electron Backscatter Diffraction (EBSD)  
The term “electron backscatter diffraction” (EBSD) is considered as one of the scanning 
electron microscope (SEM) techniques, and an accessory that can be attached to an SEM 
microscope. EBSD provides quantitative microstructural information about the 
crystallographic nature of most inorganic crystalline materials such as metals, minerals, 
semiconductors, and ceramics. It discloses the grain size, grain boundary character, grain 
orientation, texture, and phase identity of the sample under the beam [71]. 
3.2.6 Principal of Electron Backscatter Diffraction "EBSD" 
EBSD operates by arranging a flat, highly polished (or as-deposited thin film) sample at a 
shallow angle, usually 20°, to the incident electron beam (Figure 3-6) (since the SEM 
stage is often used to tilt the plane of the sample to this shallow angle, the value of stage 
tilt is often referred to and is typically 70°). With an accelerating voltage of 10–30 kV, 
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and incident beam currents of 1–50 nA, electron diffraction occurs from the incident 
beam point on the sample surface. With the beam stationary, an EBSD pattern (EBSDP) 
emanates spherically from this point[97]. 
When the primary beam interacts with the crystal lattice low energy loss backscattered 
electrons are channeled and are subject to path differences that lead to constructive and 
destructive interference. If a phosphor screen is placed a short distance from the tilted 
sample, in the path of the diffracted electrons, a diffraction pattern can be seen[97]. 
The spatial resolution of the technique is governed by the SEM electron optics as in 
conventional backscattered electron imaging. For high resolution imaging on Nano-
grains, high-performance FE-SEMs are required, along with small samples and short 
working distances [97]. 
 
Figure 3-6 Schematic arrangement of sample orientation in the SEM [97] 
The EBSP detector attaches to a free port on the SEM chamber. Ideally, the port will be 
orthogonal to the stage tilt axis so that the sample may easily be tilted toward the detector 
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at ≈70°, although other orientations are possible. Typically, the port will al low the 
detector to have a nominal working distance of ~20 mm, since a highly tilted sample 
necessitates moderate working distances. For small samples, shorter WDs may be 
attained if the EBSP detector and SEM port allows close proximity to the objective lens. 
Special detectors are available for less favourable port positions. The detector is in fact a 
digital camera. Its CCD chip is illuminated by the phosphor screen that intersects the 
spherical diffraction pattern. The phosphor converts the diffracted electrons into light 
suitable for the CCD camera to record[97]. 
With a stationary beam on a point on the sample, an EBSP is analysed and in some cases 
stored. The EBSP is uniquely defined by the lattice parameters of the particular crystal 
under the beam; by the crystal’s orientation in space; the wavelength of the incident of 
electron beam (which is proportional to the acceleration voltage) and the proximity of the 
EBSP detector to the sample [97]. 
Most SEMs are equipped with EDX spectrometers for chemical analysis by characteristic 
x-rays produced by the incident electron beam. Today, EDX systems take control of the 
beam location on the sample using the external scan interface on most SEMs (Figure 
3-7). EBSD requires the same interface to the SEM and thus, for most retrofits to existing 
systems, a simple electronic method to share this external interface is required. An 
intelligent switch box is placed between the EDX and the SEM and this arbitrates 
between the EDX and EBSD systems’ access to the SEM. In addition to beam control, 
for large sample area coverage, integrated stage motion is required. SEM motorized 
stages are often accessible through an RS232 serial computer interface or Ethernet 
connection, which can be addressed by the operating software [97]. 
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Figure 3-7 Schematic of SEM inteface 
EBSD analysis was performed using a Philips XL30 SEM (1999) fitted with Oxford Si 
(Li) X-ray detector and HKL EBSD system. The EBSD system consists of EBSD 
detector (camera) and control unit, Argus 20 for pattern background correction and 
optimizing pattern quality, EBSD computer that runs the EBSD analysis software 
(Flamenco) , and post processing software (e.g., Tango for mapping) to analyse and 
process software data  
The test surface was freshly polished to a surface finish of 1 micron, cleaned with 
ethanol, and dried with air to remove contamination or oxide layers, in order for 
diffraction to occur. If these conditions are not met the resulting EBSD patterns would be 
of poor quality or would not be visible at all. Hence, an additional final polishing step 
using colloidal silica was employed (fine polish of 0.5 micron) to remove most of the 
surface deformation layer, in order to obtain high quality electron backscatter diffraction 
(EBSD) with the imaging system.  
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Figure 3-8 High quality EBSD pattern 
The following procedure was employed for acquiring Kikuchi Back Scatter Diffraction 
Patterns for different locations within each weld region as well as the parent metal. 
• Sample was mounted in the SEM at a working distance of 20 mm. 
• The stage was tilted to 70 degrees toward the EBSD detector 
• SEM accelerating Voltage was adjusted to 20 kV 
• Focusing was then adjusted at low magnification and then magnification 
increased to 500X 
• Argus 20 was used to control the EBSD detector as well as performing 
background correction to optimise the EBSD pattern as shown in figure 3-6 
• Optimised EBSD pattern was acquired and processed using Flamenco software 
and the project was saved for further processing with other software such as Salsa, 
Tango that provides different analysis for the EBSD Pattern. 
 
Figure 3-9 Process of EBSD pattern background correction 
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3.2.7 Micro Hardness Testing 
Vickers’s Hardness measurements were made, using a 20 kg load, for the parent material, 
heat affected zones, weld cap, weld fill and weld root regions for mechanical 
characterisation of the welded sample. 
3.3 Electrochemical Corrosion tests 
Three electrochemical test methods were employed to determine the susceptibility of the 
different weld regions to pitting and intergranular corrosion. A modified Double Loop 
Electrochemical Potentiodynamic Reactivation (DL-EPR) method was employed to 
quantitatively determine the degree of sensitisation and susceptibility to intergranular 
corrosion. The critical pitting temperature (CPT) method was used to determine the 
susceptibility to pitting corrosion, and potentiodynamic scanning to determine overall 
corrosion characteristics, to include occurrence of active, passive and transpassive 
regions, in addition to corrosion rate determination at different temperatures.  
3.3.1 Electrochemical Cell Design 
All electrochemical tests were conducted using a Voltalab Potentiostat, using a three 
electrode setup, specifically a working electrode (sample under study), a 3M Ag/AgCl 
reference electrode and a platinum counter electrode. The standard three electrode set up 
was modified to incorporate the development, fabrication and commissioning of a four 
electrode electrochemical cell arrangement where two working electrodes could be 
mounted simultaneously with a working distance of approximately 1 cm. This is an 
essential requirement of the electrochemical noise measurement which is planned for 
future work. A schematic diagram of the electrode arrangement designed for this testing 
program is shown in Figure 3-7.  Figure 3.8 shows a photograph of the experimental 
setup, standard electrochemical cell and developed electrochemical cell. 
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Figure 3-10 Sketch of the developed cell used in the electrochemical tests 
 
Figure 3-11 Conventional cell arrangement used for the electrochemical tests  
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Figure 3-12 Experimental steup for the electrochemical tests 
The advantages of this electrochemical cell arrangement as opposed to a conventional 
arrangement were: 
• Less quantity of electrolyte was required for the test, 
• Good electrical contact for the working electrode could be quite easily achieved 
as explained in section 3.3.2 and shown in Figure 3-14b. 
• Two working electrodes can be used at the same time (i.e., electrochemical noise 
test that was initially planned for this study then postponed to future) 
• Insulation from the surrounding electrolyte and thus elimination of any corrosion 
in the electrical contact region that may have interfered with the actual test results. 
3.3.2 Specimen Preparation 
Half V-weld specimens were cut to include sufficient area of weld regions (cap, filler, 
and root) as well as the non-welded region (parent metal). Samples were washed in 
ethanol, dried in air, prior to hot mounting in non-conductive epoxy resin (see Figure 
3-13 a). Once the resin cooled sufficiently, a hole was drilled in the back of the mounting 
resin from the back of the mounting resin surface till reaching the back surface of the test 
specimen (see Figure 3-13 b). The hole was then cleaned with ethanol, dried with air. 
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(a) Tested surface of the specimen  (b) Back surface of the specimen 
Figure 3-13 Specimen cut and mounted in epoxy resin 
For the newly developed electrochemical cell arrangement, silver paint was used to fill 
the hole and cover the back surface of the resin (see Figure 3-14 b) while for the standard 
electrochemical cell arrangement, the electrical connection was made using stainless steel 
rod which was screwed into the holes after tapping (see Figure 3-14 a). 
 
  (a) Arrangement for conventional cell     (b) Arrangement for new developed test 
cell 
Figure 3-14 Electrical contact arrangment for the electrochemical test 
3.3.3 Double Loop Electrochemical Potentiodynamic Reactivation (DL-EPR) Test 
The Double Loop Electrochemical Potentiodynamic Reactivation (DL-EPR) test was 
employed to quantitatively determine the degree of sensitisation of the tested samples and 
susceptibility to intergranular corrosion.  
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Initially the test was performed in a 0.5 M H2SO4
The potential was scanned from -500 mV (SCE) up to the +200mv then reversed back 
down to -500 mv with scanning rate of 1.66 mv/sec. At this point, the peak current of the 
anodic nose from the first anodic polarisation (Ia) is compared to the peak current on the 
return scan (Ir) [98, 99]. The current on the return scan is assumed to be primarily due to 
the reactivation of the chromium depleted grain boundaries. As a result, the ratio of Ir/Ia 
was used to establish the degree of sensitisation. Scans from the double loop EPR test 
show a cyclic curve consisting of a forward scan followed by a reverse scan, possibly 
with a delay at the vertex, which generally is located within the passive range (where the 
metal is covered and protected with a passive film). This is shown schematically in 
 + 0.01 M KSCN solution at room 
temperature. The sample was first allowed to stabilise in the solution, arriving at an open 
circuit potential typically around -350 mV (SCE) then a potential of +200 mV (SCE) is 
applied in order to passivate the steel.  
Figure 3-15. 
 
Figure 3-15 Schematic showing the double loop electrochemical potentiodynamic 
reactivation technique 
Ir Ia 
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The susceptibility to corrosion is characterized in terms of either the ratio of the 
magnitude of the reactivation-current peak (Ir) to the activation current peak (Ia) or the 
ratio of the reactivation charge to the activation charge (see Figure 3-16). 
 
Figure 3-16 Principle of DL-ERP for degree of sensitisation (DOS) studies [8] 
While DL-EPR studies were primarily designed for assessing the sensitivity of austenitic 
stainless steels, this test was not suitable for duplex stainless steels as selective attack of 
the ferrite was observed to occur during the polarisation scan. Hence, a modified double 
loop test was developed by Schultz et al [87] and found to be suitable for 22%Cr duplex 
stainless steels.  As this was not found to be suitable for 25% Cr super duplex stainless 
steels as passivity to sensitised zones during the return voltage sweep was observed (See 
4.2.1"DL-EPR Test Results using Conditions for 2205 DSS"). Therefore a systematic 
investigation into optimizing the different test variables such as electrolyte concentration, 
temperature, and scanning range was carried out. 
The electrolyte solution used in this study was a variation on the H2SO4 + thioacetamide 
(TA) mixture used for assessing 2205 duplex steels, where TA was used as a depassivator 
[61]. Specimens were initially immersed in the solution at a potential of -500 mV for 1 
minute to improve reproducibility and then at the open-circuit potential (Eocp) for 5 
minutes to ensure a steady open circuit potential Eocp [14]. A potential sweep was then 
performed from –500 mV to +200 mV and then back to – 500 mV at a scan rate of 
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1.67mV/min. This range was chosen to ensure the sample was brought into the passive 
domain. 
In order to optimise the test conditions for this particular grade (AISI 2507) super duplex 
steel, DLEPR studies were carried out under the following conditions; H2SO4 
concentration (0.5, 1, and 2 M); TA concentration (0.001, 0.005, and 0.01 M); 
temperature (60 to 70o
The test conditions were optimised by means of a response test, which was characterised 
by weak values of the current density ratio (Ir/Ia <1%) for non-sensitised materials, and 
relatively high ratio values (Ir/Ia>1%) for highly-sensitised materials as reported 
previously  [8, 16]. Once the test conditions were optimised, a series of tests were then 
conducted to measure degree of sensitisation of the parent material, heat affected zones, 
weld cap, weld fill and weld root regions. 
C) and voltage scan range (from -500 to +200 mV, and from -500 
to +100 mV). It should be noted that each test was repeated twice to ensure 
reproducibility.  
3.3.4 Critical Pitting Temperature (CPT) Test 
The tests were carried out according to the ASTM G150 procedures[92]. The test method 
determines the potential independent critical pitting temperature (CPT) by way of a 
potentiostatic technique using a temperature scan (see Fig. 3-10). 
 
Figure 3-17 Principal of CPT test [92] 
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The specimen‘s exposed surface was immersed in the test solution of 1M NaCl, initially 
at 0°C. After an initial temperature stabilization period, the solution was heated at a rate 
of 1°C/min. About 60 s before the temperature scan was commenced, the specimen was 
anodically polarized to a potential above the pitting potential range (a potential of 700mV 
vs 3M Ag/AgCl reference electrode was found to be suitable for most stainless steels and 
was employed in the current study)[10]. This potential was held constant during the 
whole temperature scan. The current was monitored during the temperature scan, and the 
CPT was defined as the temperature at which the current increases rapidly, which for 
practical reasons is defined as the temperature at which the current density exceeds 
100μA/cm2
3.3.5 Potentiodynamic Scanning Tests 
 for 60s[10, 92]. Pitting of the specimen and absence of crevice corrosion 
were confirmed visually after the test using optical light microscope. 
Potentiodynamic scans on the different weld regions and the base metal were conducted 
using a Voltalab 21 potentiostat driven by Voltamaster software. Scan range varied from 
a cathodic maximum of -500 mV to an anodic maximum of +200 mV. The reference 
electrode was a 3M Ag/AgCl electrode. Scan rate employed was 1.67 mV/sec. Tests were 
conducted at 20 °C and 83°C  in 1M sodium chloride solution. Corrosion rates (Icorr 
values) were determined by Tafel extrapolation, calculated from the Voltamaster 
software. A typical potential vs. Log current density plot explains Tafel extrapolation 
calculation method using Voltamaster software software is shown in Figure 3-11. 
 
Figure 3-18 A typical potential vs. log current density plot showing Tafel 
extrapolation 
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4 
The results section is broken down into 4 sub-sections. The first part (section 4.1) is 
focused on structural characterisation of the weld zones using standard microscopic 
techniques such as optical microscopy (OM), scanning electron microscopy (SEM), 
electron dispersive X-ray (EDX) analysis in the first part of section 4.1. Deeper 
microstructural characterisation and phase identification using XRD and EBSD and 
mechanical characterisation of the different weld zones in terms of Vickers's hardness is 
presented in the second half of section 4.1.  Section  4.2 is focused on optimisation of a 
modified Double Loop Electro-potentiodynamic Reactivation testing method for 
measuring the degree of sensitisation of grade 2507 super duplex stainless steel, both non 
welded and the various weld regions.  General corrosion characteristics of the weld 
regions and susceptibility to pitting corrosion using potentiodynamic scanning and 
critical pitting temperature (CPT) studies are shown in section 4.3. Finally correlations 
between the microstructural characteristics of the individual weld regions and the 
resistance to pitting and intergranular corrosion are discussed in section 
RESULTS AND DISCUSSION 
4.4 "General 
Discussion". 
4.1 Microstructural Characterisation of Welded SDSS Regions 
 The macro structural appearance of the weld joint, base metal, and different weld passes 
is shown in Figure 4-1. The engraved light grey area at the right represent the weld joint, 
consisting of the cap pass at the top, followed by a series of overlay passes, constituting 
the filler pass region, then finally the root pass at the bottom. While the smooth dark grey 
area represent the base metal. 
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Figure 4-1 Optical microscope image of half weld of UNS 2507 etched with 40% 
NaOH at X10 magnification  
Microstructural characterisation of the welded duplex stainless steel regions was carried 
out using both optical metallography (OM) and scanning electron microscopy (SEM) 
equipped with energy dispersive x-ray spectroscopy (EDS).  Optical micrographs of the 
base metal and various weld regions are shown in Figure 4-2 , while scanning electron 
micrographs of the different weld regions are shown in Figures 4.6 to 4.17 respectively. 
General microstructural details of the base metal, weld cap, filler, and root, and heat 
affected zone using both primary and back scattered secondary electron imaging are 
shown in Figures 4.6 to 4.12. Ferrite regions are revealed as dark grey, while the 
austenite regions are revealed as light grey [17]. Higher magnification images showing 
intermetallic precipitates and chromium depletion regions are shown in Figures 4.13 to 
4.17.  Intermetallic precipitates are shown as black or darker grey areas, and chromium 
depletion regions appear in the white area surrounding the grain boundaries [100]. The 
different regions, namely the base, root, filler, and cap regions are described below in 
more detail in sections 4.1.1 and 4.1.2 respectively, while a general discussion is 
provided in section 4.1.3.   
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4.1.1 Microstructural Evaluation of the Base Material 
Microscopic images of the base metal (Figure 4-2 and Figure 4-3) reveal a 
microstructure consisting of equal amounts of elongated ferrite and austenite grains. 
Here, the dark regions are associated with the presence of ferrite and the bright regions 
with austenite. Identification of these two phases based on EDXS analysis (Figure 4-4) is 
quantified in Table 4-1. The ferrite phase contains a higher concentration of ferrite 
promoting elements such as Cr, and Mo. Likewise, the austenite phase contains a higher 
concentration of austenite promoting elements such as Mn, Ni, and N.  
 
Figure 4-2 Optical microscope image of UNS 2507 base metal etched with 40% 
NaOH at X800 magnification 
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Figure 4-3 SEM image of UNS 2507 base metal etched with 40% NaOH at X800 
magnification 
 
Figure 4-4 Qualitative EDXS analysis for the SAF 2507 base metal 
Cr Mn 
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Table 4-1 Chemical composition of austenite and ferrite phases based on EDXS 
analysis 
 P S C  N  Si Cr Mn Fe Ni Mo Total 
Ferrite 0 0 0 0 0.71 25.63 0.85 61.3 5.96 5.55 100 
Austenite 0 0 0 0.23 0.64 23.41 0.92 62.35 8.28 4.17 100 
Table 4-2 Volume fraction of ferrite and austenite in the base metal 
  Austenite Ferrite Total 
Total Area (mm2 0.86 ) 0.78 1.64 
% 51.83 48.17 100 
The volume fraction of ferrite and austenite in the base metal was determined using 
standard test procedures according to ASTM E-562 [92]. The obtained results (Table 
4-2) confirmed the coexistence of an almost equal amount of ferrite and austenite phases 
in the base metal. 
In conclusion, analysis of the base metal microstructure revealed the presence of a two-
phase banded structure consisting of large elongated lathe type ferrite and austenite 
regions in equal proportions typical of such materials. This has been attributed to the 
processing of the base metal where rolling of the plate has resulted in the production of 
elongated phases. 
4.1.2 Microstructural Evaluation of the Weld Region 
In general, the austenite regions in the DSS weld metal is formed from ferrite in three 
modes, as allotriomorphs at the prior ferrite grain boundaries, as Widmanstätten side-
plates growing into the grains from these allotriomorphs and as intergranular precipitates. 
Similar observations have been reported elsewhere [21]. 
For the different weld regions as shown by the optical micrographs and scanning electron 
micrographs (Figure 4-5  to Figure 4-11), elongated platelets of allotriomorphic and 
wedge shaped Widmanstätten austenite in ferrite matrix are clearly seen. In addition, 
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intergranular intermetallic precipitates formed at the ferrite/austenite grain boundaries 
and idiomorphic secondary phases (possibly sigma, or Chi phases) within the austenite 
grains are observed in high magnification (3000 to 6000 X) SEM, as shown in Figure 
4-13 to Figure 4-16. 
4.1.2.1 Root Region Microstructure 
The root region shows a large amount of allotriomorphic ferrite, Widmanstätten-ferrite 
and non-lamellar ferrite is evident, which may be due to the higher degree of cooling, as 
shown in Figure 4-5, Figure 4-6, and Figure 4-7. In the root region, the observed 
structure mainly consisted of grain boundary allotriomorphs, large elongated platelets and 
small fine, equiaxed dendritic regions, surrounded by fine discontinuous regions of 
ferrite. However, the austenite seen within the grain could be associated with either 
intergranular precipitates or Widmanstätten austenite. 
 
Figure 4-5 Optical microscope image of the root region etched with 40% NaOH at 
X800 magnification 
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Figure 4-6 SEM image of the root region etched with 40% NaOH at X800 
magnification 
 
Figure 4-7 SEM image of the root region etched with 40% NaOH at X800 
magnification 
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4.1.2.2 Fill Region Microstructure 
Large regions of ferrite were observed in the fill regions, which consisted of elongated 
bands of austenite surrounded by ferrite as well as intergranular precipitates, as shown in 
Figure 4-8 and Figure 4-9. Normal grain growth was observed predominantly in these 
regions of the weld, characterized by the development of austenite, associated with 
Widmanstätten type structures dominating the observed morphology. The development of 
these growth mechanisms can be attributed directly to the variations in the degree of 
under cooling, where there is a higher degree of under cooling occurring within the cap 
region as opposed to the fill region. 
 
Figure 4-8 Optical Microscope image of UNS 2507 filler region etched with 40% 
NaOH at X800 magnification 
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Figure 4-9 SEM image of UNS 2507 filler region etched with 40% NaOH at X800 
magnification 
4.1.2.3 Cap Region Microstructure 
The cap region shows smaller continuous regions of ferrite, in addition to some 
intergranular precipitates, as shown in Figure 4-10 and Figure 4-11. Widmanstätten side 
plates and grain boundary allotriomorphs were observed to be the dominant 
morphologies. Analysis of the cap region at higher magnifications (Figure 4-12) reveals 
a structure consisting of small grains of ferrite, secondary austenite, intermetallic 
precipitates, and secondary phases. 
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Figure 4-10 Optical Microscope image of UNS 2507cap region etched with 40% 
NaOH at X800 magnification 
 
Figure 4-11 SEM image of UNS 2507 cap region etched with 40% NaOH at X800 
magnification 
 
93 
 
 
Figure 4-12 SEM image of UNS 2507 cap region etched with 40% NaOH at X800 
magnification 
4.1.3 Phase identification and Surface Morphology of Welded SDSS Regions 
For all weld pass regions, the possible presence of, fine intermetallic precipitates were 
observed between the ferrite and austenite grains and secondary phases (possibly sigma 
or chi phases) within the austenite grains, as shown in Figure 4-13 to Figure 4-16. 
However, the specific composition of these precipitates could not be identified based on 
their chemical composition from EDXS analysis since the sizes of the precipitates were 
too small and hence this precluded identifying the type of precipitate present. However 
previous studies[101] have observed similar findings and reported that such observed 
features have been attributed to the presence of chromium nitride and sigma phases. 
Scanning electron microscopy has revealed that the sizes of the precipitates are generally 
in the range 1 μm to 2 μm that generates overlapping between EDXS peaks and 
consequently produce error in the resultant chemical composition of these precipitates. 
Additionally, phase identification of these precipitates based on their chemical 
composition is not suitable as they may have similar composition but differ in 
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crystallographic parameters. Hence, accurate phase identification for the precipitates 
based on their crystal orientation has been determined using X-ray diffraction and 
electron back scattered diffraction (EBSD) techniques. 
 
Figure 4-13 SEM image of UNS 2507 cap region etched with 40% NaOH at X3000 
magnification 
 
Figure 4-14 SEM image of UNS 2507 filler region etched with 40% NaOH at X3000 
magnification 
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Figure 4-15 SEM image of UNS 2507 root region etched with 40% NaOH at X6000 
magnification 
 
 
Figure 4-16 Different morphology of intermetallic precipitates at X10000 
magnification 
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4.1.3.1 Phase identification Using XRD 
The results of the X-ray diffraction experiments consist of three diffraction patterns 
(Figure 4-17) for the base metal and weld region. The diffraction pattern of the parent 
alloy presents ferrite and austenite phase peaks only and do not show any peak 
corresponding to other phases whereas two additional small peaks corresponding to 
sigma phase were observed in the weld region. No evidence was observed for any other 
precipitates such as chi phase, nitrides, and carbides which might be correlated to the low 
volume fraction of this precipitates.  
 
Figure 4-17 X-Ray diffraction patterns for the parent metal and two different 
locations within the weld zone 
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4.1.3.2 Phase identification Using EBSD 
Electron backscattered diffraction kucuchi patterns were obtained and indexed for 
existing phases within the studied specimen of 2507 super duplex stainless steel as shown 
in Figure 4-18. 
 
  (a) Sigma Phase      (b) Austenite 
 
(c) Carbides       (d) Chi Phase 
 
(e) Ferrite 
Figure 4-18 Electron backscattered Kikuchi Pattern and its indexed orientation for 
existing phases within 2507 SDSS weld specimen 
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The above qualitative phase identification using point analysis of electron backscattered 
patterns indicates the presence of sigma, chi, and carbide precipitates in addition to  
austenite and ferrite phases. Appearance of these detrimental secondary phases and 
precipitates indicate phase transformations and microstructural changes occurred within 
the fusion and heat affected zones and hence sensitization of these regions. The electron 
back scattered mapping was produced through automated collection and indexing of 
electron back scattered pattern within relatively large tested area compared to the 
alternative techniques of the transmission electron microscope (TEM). 
Data obtained from EBSD mapping in terms of phase composition in volumetric 
percentage and grains size analysis representing different weld pass are listed in Table 
4-3 to Table 4-8 where zero solution index indicates the presence of other precipitates, 
probably nitrides; α-prime; and/or secondary austenite, that could not be indexed using 
available information on the existing databank files.  
Table 4-3 Grain size analysis and phase composition of the cap region  
  
C
hi 
C
arbide 
Ferrite 
A
ustenite 
Sigm
a 
Z
ero 
Solution 
T
otal 
C
ap
 
Phase % 3.88% 8.49% 44.08% 25.20% 4.00% 14.35% 100% 
G
ra
in
 S
iz
e 
(µ
m
²) Max 1.25 3.00 236.50 15.00 1.25 3.00 - 
Min 0.25 0.25 0.25 0.25 0.25 0.25 - 
Average 0.31 0.43 1.81 0.85 0.34 0.50 - 
# of Grains 162 253 340 401 150 119 1425 
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Table 4-4 Grain size analysis and phase composition of the filler region #1 
  
C
hi 
C
arbide 
Ferrite 
A
ustenite 
Sigm
a 
Z
ero 
Solution 
T
otal 
Fi
lle
r0
01
 
Phase % 4.25% 1.26% 47.57% 36.04% 0.41% 10.48% 100% 
G
ra
in
 S
iz
e 
(µ
m
²) Max 2.25 0.50 384.00 70.00 1.00 1830.50 - 
Min 0.25 0.25 0.25 0.25 0.25 0.25 - 
Average 0.41 0.27 3.14 2.95 0.38 7.05 - 
# of Grains 188 86 277 224 20 287 1082 
Table 4-5 Grain size analysis and phase composition of the filler region #2 
  
C
hi 
C
arbide 
Ferrite 
A
ustenite 
Sigm
a 
Z
ero 
Solution 
T
otal 
Fi
lle
r0
02
 
Phase % 1.38% 0.50% 56.33% 35.10% 0.06% 6.64% 100% 
G
ra
in
 S
iz
e 
(µ
m
²) Max 1.00 0.50 442.00 85.00 0.50 4.50 - 
Min 0.25 0.25 0.25 0.25 0.25 0.25 - 
Average 0.32 0.26 6.52 4.02 0.42 0.53 - 
# of Grains 94 43 190 192 3 276 798 
 
 
100 
 
 
Table 4-6 Grain size analysis and phase composition of the filler region #3 
  
C
hi 
C
arbide 
Ferrite 
A
ustenite 
Sigm
a 
Z
ero 
Solution 
T
otal 
Fi
lle
r0
03
 
Phase % 5.48% 0.90% 52.41% 31.10% 0.06% 10.05% 100% 
G
ra
in
 S
iz
e 
(µ
m
²) Max 1.75 0.25 110.00 20.50 0.25 4.25 - 
Min 0.25 0.25 0.25 0.25 0.25 0.25 - 
Average 0.37 0.25 2.77 1.07 0.25 0.50 - 
# of Grains 186 45 236 362 3 249 1081 
Table 4-7 Grain size analysis and phase composition of the filler region #4 
  
C
hi 
C
arbide 
Ferrite 
A
ustenite 
Sigm
a 
Z
ero 
Solution 
T
otal 
Fi
lle
r0
04
 
Phase % 3.98% 0.48% 38.66% 50.29% 1.00% 5.60% 100% 
G
ra
in
 S
iz
e 
(µ
m
²) 13.00 0.50 352.00 541.00 0.75 5.25 912.50 - 
0.25 0.25 0.25 0.25 0.25 0.25 1.50 - 
0.72 0.27 3.79 16.65 0.31 0.67 22.40 - 
# of Grains 138 45 253 75 80 207 798 
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Table 4-8 Grain size analysis and phase composition of the root region 
  
C
hi 
C
arbide 
Ferrite 
A
ustenite 
Sigm
a 
Z
ero 
Solution 
T
otal 
R
oo
t 
Phase % 2.74% 1.65% 35.77% 39.84% 0.65% 19.36% 100% 
G
ra
in
 S
iz
e 
(µ
m
²) Max 1.50 0.50 35.25 57.00 1.50 11.00 - 
Min 0.25 0.25 0.25 0.25 0.25 0.25 - 
Average 0.31 0.28 1.54 1.53 0.34 0.90 - 
# of Grains 130 89 345 388 29 321 1302 
4.1.4 Hardness Measurements 
Graphical representations of the Vickers hardness measurements conducted on the 
various welds passes of 2507 SDSS full V-weld specimen and full weld specimen are 
given in Figure 4-19, where hardness readings were taken at different locations 
representing base metal, weld cap, filler and root zones.  
 
Figure 4-19 Schematic shows Vickers's Hardness measurements 
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The Vickers hardness measurements were made with a load of 20 kgf and listed in table 
4-4.  
Table 4-9 Results of Vickers's hardness measurements 
Zone Position HV Zone 20 kgf Position HV 
Cap 
Pass 
20 kgf 
1 271 
Root 
pass 
13 310 
2 286 14 316 
3 290 15 306 
4 274 24 309 
5 295 
Base 
Metal 
16 275 
6 275 17 284 
Filler 
Pass 
7 309 18 270 
8 306 19 264 
9 325 20 262 
10 335 21 282 
11 313 
HAZ 
22 303 
12 320 23 301 
An increase in hardness is observed in the weld metal, mainly in the filler pass. Hardness 
values ranging from 262 HV20 kgf to 284 HV20 kgf are observed for the base metal while 
values ranging from 305 HV20 kgf to 335 HV20 kgf
Cap pass shows the lowest hardness with respect to other weld passes but very close to 
those for the base metal. It has values ranging from 270 HV
 are observed for the filler pass. This 
might be correlated to higher ferrite content, relatively higher average grain size, 
existence of hardening precipitates (such as sigma and chi phases), and higher 
concentration of interstitial atoms (such as C, and N) in the ferrite and austenite grains.  
20 kgf to 295 HV20 kgf  which 
might be attributed to lower ferrite content, presence of coarse zones with fine grains of 
ferrite and secondary austenite, higher chromium and nickel depletion regions, and 
ferrite/austenite grains with lower concentration of interstitial atoms such as C, and N. 
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Finally, the root pass shows slightly lower hardness than the filler pass but higher than 
base metal and cap pass. The observed values of hardness for the root pass values ranging 
from 305 HV20 kgf to 325 HV20 kgf
It is well-known that ferrite content is considered the primary determinant factor of 
hardness in stainless steels as Ferrite is harder (and stronger) than austenite. However, 
other factors such as grain size, presence of intermetallic precipitates, and concentration 
of interstitial atoms such as C, and N have a significant influence on the hardness of 
stainless steel alloys. 
 may be attributed to moderate values of ferrite content, 
average grain size, and concentration of hardening precipitates compared to other weld 
pass. 
4.2 Optimisation of modified DLEPR Test for 2507 SDSS 
4.2.1 DL-EPR Test Results using Conditions for 2205 DSS  
As an initial test on the sensitized weld region, experimental conditions were employed 
that were optimized to suit 22% Cr DSS, namely  0.5 M H2SO4 + 0.001 M TA at 70 o
Figure 4-20
C 
[61]. Under these conditions the DLEPR plot shows no reactivation peak (i.e., Ir / Ia = 0) 
for sensitized region as shown in . 
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Figure 4-20 Plot of DLEPR test of sensitised weld region using 0.5 M H2SO4 + 0.001 
M TA at 70 oC. 
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This confirms that these test parameters are not suitable for SAF 2507 and therefore a 
systematic investigation into optimizing different test variables such as electrolyte 
concentration, temperature, and scanning range was carried out. 
4.2.2 DLEPR Test Results for Optimizing H2SO4
DLEPR tests were conducted using different H
 Concentration 
2SO4 concentrations of 20% (v/v) and 
10% (v/v), while keeping all other variables constant (0.001 M TA; 70 o
Figure 4-21
C).  The results 
are shown in Figure . 
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Figure 4-21 Plot of DLEPR test of sensitized/unsensitised regions using different 
concentrations of sulphuric acid +0.001 M TA at 70 o
It can be seen that for the electrolyte containing 20% (v/v) H
C. 
2SO4, an Ir/Ia ratio equal to 
1 indicates that general corrosion has occurred during reverse scanning, not IGC [14]. 
This suggests that the electrolyte is far more aggressive than required to give a reasonable 
degree of sensitisation. For the electrolyte containing 10% (v/v) H2SO4 a much lower 
reactivation peak was observed for both weld joint (sensitised) and base metal 
(unsensitised).  It was expected to see a reactivation peak for the weld joint due to 
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sensitisation, however, the appearance of a reactivation peak for the unsensitised base 
metal indicates that other corrosion mechanisms occurring.  OLM images of the base 
metal (Figure 4-22 and Figure 4-23) suggests the occurrence of uniform and pitting 
corrosion which rules out these test parameters as being applicable for accurately 
determining the degree of sensitisation.  
 
Figure 4-22 OLM Image (X1000) of SDSS unsensitised region after conducting 
DLEPR test using 20% H2SO4 in 0.001 M TA at 70 oC. 
 
Figure 4-23 OLM Image (X1000) of SDSS unsensitised region after conducting 
DLEPR test using 10% H2SO4 in 0.001 M TA at 70 o
4.2.3 DLEPR Test Results for Optimizing Thioacetamide Concentration 
C 
Given the improvement in the DLEPR responses at the lower sulphuric acid 
concentration, further tests were conducted at this concentration on the unsensitised base 
Pitting corrosion appears 
within austenite grains  
 
 Severe attack to ferrite grains  
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metal using different concentrations of the depassivator TA at 70 o Figure 
4-24
C. Illustrated in 
 are DLEPR experiments carried out with TA at a concentration range of 0.001 to 
0.010 M TA. At higher concentrations of TA (0.005 M, 0.01M) an Ir/Ia
Figure 
4-25
 ratio of nearly 
one was observed due to the occurrence of general corrosion processes as opposed to IGC 
only. It is also interesting to note the appearance of a second reactivation peak at -260 
mV suggesting separate forms of corrosion. This was confirmed by the OLM images of 
the tested specimens, where pits and transgranular cracks were clearly observed (
). At a TA concentration of 0.001 M an Ir/Ia 
-400 -300 -200 -100 0 100
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ratio suitable for studying sensitisation 
was observed. 
 
Figure 4-24 Plot of DLEPR test of unsensitised region using different concentration 
of TA + 10 % sulphuric acid at 70 oC.  
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Figure 4-25 OLM Image (X1000) of SDSS unsensitised region after conducting 
DLEPR test using 0.005M TA  in 10% H2SO4  at 70 oC 
 
Figure 4-26 OLM Image (X1500) of SDSS unsensitised region after conducting 
DLEPR test using 0.01M TA  in 10% H2SO4  at 70 o
4.2.4 DLEPR Test Results for Optimizing Temperature 
C 
The final experimental parameter that can be tuned to give a reliable protocol for DLEPR 
testing is temperature. Therefore, DLEPR tests were conducted using 10% sulphuric acid 
+ 0.001 TA at different temperatures (60, 65, and 70 oC) on the unsensitised base metal 
and at 70 oC on the sensitised (weld) region. The observed Ir/Ia ratio was higher than for 
the test conducted at 70oC and 65 oC on the unsensitised base metal, while at 60 oC no 
reactivation peak appears (Ir/Ia
 
 = 0) when the test was conducted on the unsensitised base 
metal and the sensitised weld joint (
Cracks appear within 
austenite and ferrite grains  
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Figure 4-27). This indicates that the optimum temperature is somewhere between 60 oC 
and 65 o
The DLEPR test was then conducted on the unsensitised base metal and sensitised weld 
joint using 10% H
C. 
2SO4 + 0.001M TA at 63 o Figure 4-28C ( ) which shows Ir/Ia
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 < 1% for 
the base metal (unsensitised) and Ir/Ia >1 for the weld joint (sensitised). This indicates 
that the test conditions are now optimised for measuring the degree of sensitisation of 
AISI 2507 SDSS and its susceptibility to IGC. 
 
Figure 4-27 DLEPR results for base metal and weld joint using 10% H2SO4 + 0.001 
TA at different temperatures 
 
109 
 
-400 -300 -200 -100 0 100 200
-10
-5
0
5
10
15
Cu
rre
nt 
De
ns
ity
 (m
A/
cm
2 )
Potential (mV)
 Sensitised
 Unsensitised
 
Figure 4-28 Plot of DLEPR test of unsensitised/sensitised regions using 10% 
sulphuric acid + 0.001 TA at 63o
 
C. 
 
Figure 4-29 OLM Image of AISI 2507 SDSS tested specimen using optimised 
DLEPR conditions showing sensitised region 
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OLM images of samples subject to DLEPR testing under optimised conditions (10% (v/v) 
H2SO4 + 0.001M TA at 63o
Figure 4-29
C), for both unsensitised and sensitised regions, show 
intergranular attack at the grain boundaries in the sensitised regions with the complete 
absence of any other form of corrosion (  and Figure 4-30) which confirms 
the validation of the modified DLEPR optimised for AISI 2507 SDSS. 
 
Figure 4-30 OLM Image of AISI 2507 SDSS tested specimen using optimised 
DLEPR conditions showing unsensitised region 
4.2.5 DLEPR Test Results for Optimizing Passivation Potential 
Studies conducted on the variation in the passivation potential revealed that the anodic 
passivation potential was also critical for conducting DLEPR tests on AISI 2507 SDSS. 
This is illustrated in Figure 4-31, which shows the influence of the upper scan limit on 
the reactivation process for unsensitised samples. The DLEPR plots show that when the 
potential is scanned to +100 mV, insufficient passivation occurred, resulting in the 
formation of a high reactivation peak.  In contrast complete passivation of the 
unsensitised regions was observed at +200 mV.  
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Figure 4-31 Plot of DLEPR test using 10 % sulphuric acid + 0.001 TA at 63o
4.2.6 General Discussion on the DLEPR Tests Conducted 
C for 
different scan range (passivation potential). 
The results presented here show the validity of using the DLEPR test for evaluating the 
degree of sensitisation of AISI 2507 SDSS. As suggested previously for DLEPR testing, 
the test parameters have to be carefully optimised for each specific material studied. This 
is indicated by the failure of the test parameters employed for DLEPR testing of SAF 
2205 steel on AISI 2507 SDSS. However, modification of those test parameters using the 
same electrolyte components but at different compositions allowed for a reliable test 
protocol to be developed. Specifically, under conditions of high sulphuric acid 
concentration (20 % v/v) large Ir/Ia ratios were found even for the unsensitised base 
metal which for the viability of this test should be less than 1 %. It was found that this 
electrolyte medium was far too aggressive and resulted in widespread pitting corrosion of 
the surface (Figure 4-22 and Figure 4-23). Decreasing the sulphuric acid concentration 
to 10% v/v resulted in the occurrence of significantly less general corrosion. A critical 
parameter in the optimisation of the DLEPR test is the role of the depassivator. In this 
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study TA was used which when employed at concentrations of greater than 0.001 M 
resulted in Ir/Ia ratios significantly higher than 1 % for the unsensitised base metal where 
the reactivation process was characterised by the presence of extensive pitting corrosion 
(Figure 4-25 and Figure 4-26). When the concentration of TA was reduced to 0.001 M 
the extensive pitting of the base metal was alleviated. The optimum efficiency and 
sensitivity of the H2SO4
4.3 Localised Corrosion Resistance Characterisation Tests 
 and TA electrolyte was found by tuning the temperature of the 
electrolyte. At a temperature of 60 ºC no reactivation process was observed on the 
sensitised weld region and at the higher temperature of 70 ºC a reactivation peak was 
observed for the unsensitised base metal. The optimum temperature for this test was then 
found to be 63 ºC. It was also found that the anodic potential limit also played a role in 
the optimisation of the test parameters for DLEPR testing. If the anodic potential limit 
was only extended to 100 mV then a reactivation peak appeared at the unsensitised base 
metal indicating incomplete passivation of the surface. Therefore, to ensure complete 
passivation of the surface an anodic limit of 200 mV must be employed for this test.  
4.3.1 Degree of sensitisation measurements  
UNS2507 Parent metal as well as successive weld pass namely; root, filler, and cap; were 
tested by DLEPR at the optimized test condition as indicated in section 4.2. The test was 
performed by starting a potential scan from a potential of -500 mV (lower than Ecorr in 
the cathodic region) in the anodic direction to a point of 200 mV in the passive region. 
The scanning direction was then reversed and the potential is reduced back to the 
cathodic region. As a result, two loops are generated, an anodic loop and a reactivation 
loop.  
The peak activation current (Ia) and the peak reactivation current (Ir) [84] were measured 
during the forward and backward scans, respectively. The degree of sensitization (DOS) 
was measured as the ratio of the maximum current densities generated in the double loop 
test (Ir/Ia) x100 [84]. The activation or critical current density (Ia) or (Icrit) is 
proportional to the corrosion rate of the metal. As the potential is increased to a more 
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noble value than the specimen open circuit potential (Ecorr), the specimen behaves 
anodically. 
As a result the rate of corrosion (metal dissolution reaction) rises rapidly in the activation 
range up to a point when the activation peak current density (Ia) is reached. The potential 
corresponding to this is called activation peak potential Ea or passivation potential Epass. 
If the potential is raised further, the anodic current will drop to a lower value called 
passivation current density (Ipass), and then it will remain constant over a wide potential 
range. This is the passive range, in which a thin, invisible film of oxide covers the metal 
surface. This protective film acts as a barrier between the metal and its environment and 
reduces the rate of dissolution which corresponds to the reactivation current density Ir.  
During the anodic sweep, the entire surface is active and contributes to the peak current, 
while during the reactivation sweep only the sensitized regions contribute to the passive-
active transition. The development of a reactivation peak during the reverse scanning 
indicates that the oxide has dissolved and can be attributed to a metal dissolution reaction 
occurring within the sensitised regions. Consequently, lower reactivation peaks indicates 
incomplete dissolution of the passive oxide film while higher reactivation peaks indicates 
complete dissolution of that protective oxide film. Likewise, absence of any reactivation 
peak during the reverse scan indicates the high stability of the oxide film as no metal 
dissolution has occurred. 
Figure 4-32 shows the polarization curves for parent metal, weld cap, filler and root pass. 
The curve obtained from unaffected zone of the parent metal sample was treated as a 
reference and compared with the other curves obtained from the successive weld zones. 
The activation current density (Ia) of the reference curve increased proportionally with 
the corrosion rate of the alloy while the absence of reactivation peak indicates absence of 
sensitisation within the base metal. 
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Figure 4-32 DLEPR polarisation curves for parent metal, weld cap, filler and root 
pass. 
Results obtained from the polarisation curves are summarised in Table 4-10 and 
presented in Figure 4-33. The lowest degree of sensitisation, highest activation current 
density Ia and lowest reactivation current density Ir were observed for the filler region 
while the highest degree of sensitisation, lowest activation current density Ia, and 
relatively low reactivation current density Ir were observed for the root. Although the cap 
region shows the highest reactivation current density Ir, it shows degree of sensitisation 
lower than the root region which can be correlated to the higher activation current density 
Ia and hence a lower Ir/Ia ratio. Correlation of the obtained results from the analysis of 
the DLEPR polarisation curves to the phase composition and morphology for each zone 
is discussed in section 4.4 "General Discussion". 
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Table 4-10 Summary of DLEPR test results for UNS 2507 base metal and successive 
weld pass 
  Ir (mA) Ia (mA) (Ir/Ia) 
Base Metal 0.00 7.52 0.00 
Cap 3.89 17.26 22.54 
Filler 1.71 21.61 7.90 
Root 1.73 6.59 26.32 
 
 
Figure 4-33 Plot of the DLEPR test results 
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4.3.2 Critical Pitting Temperature (CPT) measurements 
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Figure 4-34 Current vs temperature plot for the different weld regions 
 
 
Figure 4-35 CPT for the different weld regions 
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Figure 4-34 shows the current versus temperature plot for the different weld regions. 
During a typical test, the passive current density was less than 1µA for most of the test. 
However, a few small spikes would be seen as the CPT was approached. Figure 4-35 
shows the CPT values for the different weld regions. 
The lowest CPT values were observed for the cap and root regions (79 and 81 °C 
respectively) compared with the filler and base regions yielding CPT values of 84 and 
87.5 °C respectively).   
4.3.3 Corrosion Rate Measurements 
Figure 4-36 shows corrosion rates for the different weld regions measured at 20 oC and 
80 oC in 1 M NaCl. Higher corrosion rates were observed for tests conducted at 83 °C 
compared to 20 °C, for any given region,  However, the difference in the two values at 
the different vs temperatures was much less for the base and filler compared with the root 
and cap regions. In particular, the corrosion rate of the base metal at 20 °C was very 
similar to that measured at 83 °C.  Consequently, some correlations can be drawn 
between the CPT and potentiodynamic scanning studies.  Generally, potentiodynamic 
scanning studies conducted below the critical pitting temperature induced lower corrosion 
rates than those conducted above the CPT.  The elevated CPT for the base material, 
which was greater than the temperatures at which both the potentiodynamic scans were 
conducted at, may be responsible for the little variation observed in the corrosion rates.  
However, the large difference observed for the tests conducted on the cap region can be 
attributed to the fact that the lower temperature test was conducted below the CPT, 
whereas the higher temperature study was conducted above the CPT.  
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Figure 4-36 Corrosion rate values for the different weld regions 
The CPT, as determined by the ASTM standard method, is primarily a reflection of the 
conditions for initiation of a “stable” pit provided that the initiated pit, or pits, can 
generate a current equivalent to 100 µA/cm2
It is quite likely that the CPT is determined by the extent of alloying element depletion, 
particularly if there is a localised region of severe depletion and other induced 
microstructural features.  The possible formation of chromium rich intermetallic 
precipitates and secondary phases in the different weld regions are likely to result in the 
existence of chromium depleted regions that may reduce the pitting corrosion resistance 
of the different weld regions compared to the base metal.  Additionally, shifts in the 
austenite/ferrite ratio as a result of different heating/cooling cycles associated with the 
welding process, can strongly influence the pitting corrosion resistance.  The base metal, 
followed by the fill region, shows the highest CPT, which might be due to the 
austenite/ferrite phase balance. The reduced amount of austenite observed in the fill 
region compared with the cap and root region may be responsible for the increased CPT 
 averaged over the surface area of the 
specimen.  
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of the fill region. Increased levels of austenite observed in the root and cap regions may 
be responsible for the reduced CPT’s. Generally, the lower observed CPT values for the 
weld regions compared to the base metal may be attributed to the possible presence of  
intermetallic precipitates, which are absent in the base material. 
4.4 General Discussion 
4.4.1 Introduction 
The intention of this research program was to systematically study the microstructural 
changes that occurred within the subsequent weld pass in terms of resultant structure and 
morphology and to determine any correlations with the corrosion behaviour of the welded 
duplex steel It was not the intention to define welding procedures required to produce a 
weld with specific microstructure and well-defined properties, but to use existing 
standard welding procedures with a view to possible optimisation of these procedures in 
the future as a consequence of the findings from the study. The results from these 
findings will be significant in assisting material engineers and designers to predict 
performance and selecting suitable application for this alloy, particularly welded 
components subject to highly corrosive environments and provide benefits such as high 
performance and long service time, combined with lower risk of failure. 
The metallurgical characteristics of the weld passes can be significantly different from 
that of the original base material in terms of microstructure, phase balance and alloying 
element distribution. Consequently, variation in microhardness, degree of sensitization 
and corrosion performance of welded components can be also observed not only in the 
different regions of the weld (weld, fusion zone, and un-welded parent metal) but within 
the various weld layers, namely root, fill and cap. These findings show strong inter-
dependence of the structure, properties, processing, and corrosion behaviour relationship 
of these welds. 
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4.4.2 Weld Structure and Morphology 
The analysis of the base metal microstructure revealed the presence of a two-phase 
banded structure typical of such materials. It consists of large elongated lathe type ferrite 
and austenite regions in equal proportions. This has been attributed to the processing of 
the base metal where rolling of the plate has resulted in the production of elongated 
phases. However, the structures observed in the weld regions were quite different to those 
observed in the base material. Variations in the observed microstructures and relative 
distributions of the austenite and ferrite regions can be observed not only between the 
base metal and weld regions, but between the different weld regions themselves.  
  During various fabrication processes, when duplex stainless steel is exposed to 
isothermal heat treatments in the temperature range of 300oC to 1000o
The rate of diffusion of alloying elements in ferrite is generally faster than that in 
austenite, resulting in transformations, mainly in the ferrite phase, during various 
isothermal heat treatments of duplex stainless steels. This was correlated to the body 
centred cubic (BCC) structure of the ferrite, and the face centred cubic (FCC) of the 
austenite. In addition, ferrite promoting elements such as chromium and molybdenum 
also encourage the precipitation of intermetallic phases which adversely affect the 
mechanical properties and corrosion resistance. [17] 
C [17], solid-state 
phase transformations occur, resulting in the precipitation of different intermetallic 
phases. 
The microstructures evolved in the different weld passes can be explained in terms of the 
transformations that occur during heating and cooling cycles typical of the welding 
process adopted.  During welding, the temperatures rise dramatically and at temperatures 
above 1300oC, the austenite phase is fully dissolved in the ferrite [103].  Upon cooling, 
austenite appears at ferrite grain boundaries and nucleates in a “blocky” manner, which is 
generally known as grain boundary allotriomorphs. These allotriomorphs may have 
incoherent austenite/ferrite interfaces or semicoherent interfaces. On further cooling, the 
austenite is formed within the ferrite grains from the allotriomorphs in a plate like manner 
known as Widmanstatten side plates. The austenite is then recrystallized as intergranular 
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precipitates in the ferrite matrix [104].  In the present study the observed microstructures 
are typical of such transformations occurring within the various weld regions where 
elongated platelets of allotriomorphic and wedge shaped Widmanstätten austenite are 
present in the ferrite matrix whereas intergranular intermetallic precipitates and 
idiomorphic secondary phases are formed at the ferrite/austenite grain boundaries.. 
 The fill region consisting of larger amounts of intergranular precipitates, grain boundary 
allotriomorphs, Widmanstätten austenite and non-lamellar ferrite can be attributed to the 
relatively slow cooling rate and various heating/cooling cycles resulted from welding of 
the successive passes, whilst the cap regions showing significant amounts of 
Widmanstätten side-plates growing into ferrite grains from austenite allotriomorphs can 
be attributed to the relatively higher cooling rate compared to other welding passes (i.e., 
filler and root). 
Similarly, studies [6] on the microstructure of Zeron 100 super duplex stainless in the as 
cast ASTM A890-06 and wrought metal observed a typical duplex microstructure of 
elongated ferrite and austenite grains while irregular shaped precipitates in the ferrite 
region and austenite islands were observed when subject to improper heat treatment. 
Intergranular attack was observed mainly at the ferrite and austenite interface in the cast 
material. Similar observations have been observed elsewhere [21,61]. This is in 
agreement with the results obtained in the present study where the observed chromium 
rich secondary phases (i.e., sigma, chi, and chromium carbides) are responsible for the 
formation of chromium depletion regions at the ferrite/austenite interface and 
consequently leads to intergranular attack in these regions. 
4.4.3 Formation of Deleterious Precipitates and Phases 
The EBSD results presented (Figure 4-37) have shown that in addition to the austenite 
and ferrite phases present, a number of other phases, specifically sigma, chi, carbide 
precipitates and unallocated phases, were detected.  In particular, the relative amounts of 
these phases were observed to vary depending upon the regions of the weld where the 
analysis was conducted.   
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Figure 4-37 Summary of Phase Analysis 
During welding, the fusion zone and HAZ of the base metal may experience temperatures 
above 1100o
The unallocated phases are thought to be associated with the presence of Cr
C where the austenite phase tends to dissolve partially or completely, 
depending upon the chemical composition of the alloy. If the welded section undergoes 
rapid cooling thereby slow diffusion at lower temperatures will favour lesser amount of 
austenite and more ferrite phase in DSS whereas multiple passes or resulting lower 
cooling rates may favour higher austenite content locally in DSS. This bservation can 
explain the  obtained results in the current study where a reduction in the percentage of 
austenite was observed for all the weld zones, the highest reduction being observed for 
the cap regions which was subjected to the highest cooling rate. 
2
The higher percentage of unallocated phases and low percentage of austenite in the cap 
region can be explained in terms of rapid cooling limiting the formation of austenite 
phase, thus increasing the concentration of nitrogen in the ferrite and upon further cooling 
N. Nitrogen 
is known to have higher solubility in the austenite phase compared to ferrite phase. Upon 
cooling of the weld passes, the ferrite phase becomes supersaturated with nitrogen due to 
the dissolution of the austenite phase. This excess nitrogen combines with chromium to 
form chromium nitride precipitate [107, 108], leading to the formation chromium 
depletion in the ferrite matrix, and encourages pitting corrosion in chloride environments. 
[17] 
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transformation of ferrite to Cr2
Consequently, it is well established that in the temperature range of 500
N. However, this theory does not explain the observations 
in the root region where high percentage of unallocated phase and higher percentage of 
austenite were observed. This would suggest the existence of other unallocated phase 
beside the nitrides which are thought to be α-Prime and can be formed within the  
temperature range of 343°C-510°C. 
oC to 1000o
Formation of sigma phase is favoured at the ferrite/austenite interface [54]. This explains 
the high percentage of sigma phase in the cap region where a larger austenite/ferrite 
interface area exists as a results of formation of large number of fine austenitic grains in 
ferrite matrix (refer figure 4-10 and 4-11). 
C, the 
chromium rich precipitates, such as sigma phase, chromium nitride and chromium 
carbide precipitation are formed. These chromium rich precipitates have the most severe 
deleterious effect on the corrosion resistance and mechanical properties of duplex 
stainless steels. In particular, the kinetics of sigma formation are rapid and contains 
ferrite stabilizing elements such as Fe-Cr-Mo with traces of Si and W, which lead to the 
depletion of these elements in the matrix [105, 106]. It was observed that eutectoid 
decomposition of ferrite phase leads to the formation of sigma and secondary austenite 
[106]. The sigma phase nucleates at the ferrite-austenite interface and then grows towards 
the ferrite, leads to increase to sensitisation the ferrite phase which may be correlated to 
higher diffusion rates and explains reduction to pitting corrosion resistance in chloride 
containing environment. Furthermore, the chemical analysis of secondary austenite 
lamellae has shown that it has low amount of Cr and no Mo at all which also increase 
sensitisation and reduces corrosion resistance of the weld. [17]  
4.4.4 Sensitisation of the SDSS Weld Region and Correlation with Weld 
Microstructures 
The double loop electrochemical polarization reaction method is generally used to 
determine the sensitization behaviour to intergranular corrosion of stainless steel, and 
hence the results from the DLEPR test provide some indication as to the degree of 
sensitisation of the studied alloy and its resistance to intergranular corrosion. Therefore, 
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the modified double loop potentiodynamic reactivation test as optimized for 22% Cr 
duplex stainless steel was found to be unsuitable for UNS 2507 super duplex stainless 
steel as it showed passive behavior (no reactivation peak Ir) for both sensitized and non-
sensitized zones. Development of an optimized testing condition based around the 
DLEPR testing method, as described in section 4.2 was essential in order show the 
validity of using the DLEPR test for evaluating the degree of sensitisation of AISI 2507 
SDSS. However, as suggested previously for DLEPR testing, the test parameters had to 
be carefully optimised for each specific material which has been indicated by the failure 
of the test parameters employed for DLEPR testing of SAF 2205 steel on AISI 2507 
SDSS. 
On the other hand, degree of sensitisation measurements (Figure 4-38), in terms of Ir/Ia 
ratio obtained from modified double loop potentiodynamic reactivation test at optimised 
test condition, show a synergetic relationship between the of susceptibility of 
intergranular corrosion in terms of degree of sensitisation and the total volume fraction of 
chromium enriched precipitates such as secondary austenite, sigma, chi, and carbides 
precipitates. For regions of the weld where chromium depletion within the grain 
boundaries was observed, was accompanied by increased susceptibility to intergranular 
corrosion.  
 
Figure 4-38 Degree of  sensitisation vs. volumetric precent of chromium enriched 
precipitates for the base metal and successive weld passes 
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Reduction in the degree of sensitisation value for the filler, and cap was associated with a 
corresponding reduction of the total volumetric percent of chromium enriched phases 
present Lack of information on the available EBSD software data bank has resulted in the 
presence of unidentified phase/s with in the weld regions and hence, correlation between 
volumetric precent of these phases and the degree of sensitisation could not be 
established.  Consequently there is scope for future work in this area. Although the root 
pass contains lower amounts of chromium enriched precipitates compared to the cap 
region, it shows higher degree of sensitisation. This can be correlated to higher 
dissolution of primary austenite in the root pass, as indicated by a massive reduction in 
the austenite content in the root region to 36% compared to 44% for the other pass. 
In intergranular cracking, the segregation of solutes or the precipitation of the discrete 
phases can occur at grain boundaries, which may result in electrochemical heterogeneity 
at the grain boundaries, leading to their dissolution [25]. Auger electron spectroscopy was 
used to determine the segregation effect in the vicinity of intergranular fracture surfaces 
in type 304 stainless steels [25]. The results showed that depletion of chromium in the 
grain boundary region resulted in attack by a weakly oxidizing solution, such as, H2SO4- 
CuSO4. This dissolution is due to galvanic effects at grain boundaries, because of the 
potential difference between the grain boundary regions and the bulk metal. Hence, the 
driving force for dissolution is related to the potential difference between the matrix and 
the segregant atoms forming a galvanic cell. Apart from the galvanic effects, modified 
film characteristics in the grain boundary regions, where segregants are present, are also 
responsible for the dissolution and IGSCC. Studies have shown that if enhanced 
dissolution occurs in grain boundary regions due to the presence of segregants, protective 
film may be impaired in those regions causing the crack to propagate. Grain boundaries 
also provide obstacles to dislocation motion where pileups occur at these boundaries, 
leading to localized deformation in the grain boundary region. This may also cause 
IGSCC. 
Analysis of the results obtained from the employed corrosion tests namely double loop 
potentiodynamic reactivation test, critical pitting temperature test, and potentiodynamic 
scanning study can be strongly correlated to various microstructural factors, particularly, 
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volume fraction of chromium enriched secondary phases (i.e., secondary austenite, 
sigma, chi, and chromium carbides), ferrite/austenite ratio, and surface morphology in 
terms of grains shape and size. Table 4-1 summarizes the results obtained from the 
microstructural evaluation and corrosion characterisation tests. 
Table 4-11 Summary of the obtained results 
Area Parent 
Metal 
Weld 
Cap 
Weld Filler 
(average) 
Weld 
Root 
Austenite/Ferrite Ratio 0.94 0.57 0.82 1.03 
% of sigma phase 0 4 0.65 0.69 
% of Chi phase 0 3.88 5.91 3.1 
% of carbides 0 8.49 1.25 1.86 
% of Unallocated phase 0 14.35 11.66 19.31 
Degree of sensitisation (Ir/Ia)% 0 22.54 7.90 26.32 
Critical Pitting Temperature (o 87.7 C) 78.9 84 81.2 
Corrosion rate in 1 M NaCl at 20 
o 3.838 C (mm/yrs) 
5.873 4.388 5.178 
Corrosion rate in 1 M NaCl at 83 
o 4.773 C (mm/yrs) 
15.26 7.873 12.67 
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The amount of ferrite present in the various weld passes strongly influences the degree of 
sensitisation. Reduced ferrite content is associated with increase in the degree of 
sensitisation (Ir/Ia) and increased volume fraction of chromium enriched phases and 
intermetallic precipitates, leading to an increase in the degree of sensitisation. It has been 
shown that sensitisation can be caused by the presence of impurities at the grain 
boundaries, enrichment of one of the alloying elements, or depletion of these elements in 
the grain-boundary areas [110]. Generally, the accepted theory for sensitisation of 
stainless steels is based on impoverishment or depletion of chromium in the grain 
boundary areas [111]. In the present study, existence of detrimental precipitates (sigma, 
chi etc.) is likely to be responsible for the increased sensitisation, and consequently 
susceptibility to intergranular corrosion, observed in the weld regions.  
Higher levels of sensitisation observed in the cap and root passes compared to the fill 
region can be attributed to the observed microstructures. In the fill region larger amounts 
of intergranular precipitates, grain boundary allotriomorphs, Widmanstätten austenite and 
non-lamellar ferrite were observed. In the cap regions significant amounts of 
Widmanstätten side-plates growing into ferrite grains from austenite allotriomorphs were 
observed. The development of intergranular precipitates within the cap region is likely to 
be responsible for increase susceptibility to sensitisation. This can be attributed directly 
to the variations in the degree of undercooling, higher degree of undercooling occurring 
within the cap and root region as opposed to the fill region. 
Although similar microstructure changes were observed for SAF2205 duplex stainless 
steel weld [62], very little or no effect on corrosion properties was evident in the weld 
region. This was correlated to the absence of the formation of chromium enriched 
precipitates and hence the observed reduced sensitisation. 
Investigation on the microstructural development of weld regions within Ferralium- 255 
[112], shown the presence of iron and chromium nitride, in the form of (Fe, Cr)2, in 
ferrite grains and at ferrite/ ferrite grain boundaries. In addition, different nitride 
precipitates were observed to form at ferrite/ ferrite grain boundaries or austenite/ ferrite 
phase boundaries. In addition, the nucleation and growth of the chi phase, any secondary 
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austenite becomes depleted in chromium. This resulted in the formation of numerous pits 
close to prior austenite/ ferrite phase boundaries, reducing the corrosion resistance of 
these duplex stainless steels. Similarly, Hertzman [113] observed the formation of similar 
intergranular precipitates and grain boundary allotriomorphs within the austenite/ ferrite 
phase boundaries (cubic Cr2N nitride being observed in the heat affected zone of welds 
of SAF 2205 duplex stainless steel). These observations support the existence of Cr2
The degree of susceptibility is considered to be associated with the distribution of carbon 
present within the solid solutions (ferrite and austenite). The fill passes containing higher 
levels of ferrite and thus lower levels of carbon in solid solution are less likely to induce 
carbon diffusion and carbon depletion, which are associated with sensitisation. 
Consequently, slightly lower levels of sensitisation are associated with the cap region. In 
the present study, low percentage of carbides were observed in the cap and fill passes 
with respect to the root pass. This is in agreement with literature observations. In 
contrast, a higher degree of sensitisation was observed for the cap region which is in 
conflict with the proposed theory, suggesting that other factors in addition to carbide 
presence are responsible for sensitisiation. 
N as 
one of the unallocated phases that appears in the EBSD analysis and may also contribute 
to the high degree of sensitisation observed for the cap region. 
4.4.5 Critical Pitting Temperature and Potentiodynamic Scanning Studies of the 
Weld Regions 
Analysis of the critical pitting temperature and corrosion rate measurements for the base 
metal and successive weld passes shows that the susceptibility of this particular alloy is 
mainly controlled by % of ferrite and the surface morphology in terms of grains shape 
and size.  
 
129 
 
 
Figure 4-39 Pitting corrosion behaviour vs. ferrite content of base metal and 
successive weld passes 
Higher critical pitting temperatures and lower corrosion rates (Figure 4-39) were 
observed for the base metal and filler pass, which exhibited higher ferrite content, higher 
ferrite to austenite ratio, and relatively higher average grain size.  In contrast, lower 
ferrite content, lower ferrite to austenite ratio, and relatively lower grain size was 
observed in the cap and root passes.  In particular, the cap exhibited low grain size with a 
morphology consisting of Widmanstätten side plates, grain boundary allotriomorphs, and 
fine grains of ferrite, secondary austenite, Cr rich intermetallic precipitates, and 
secondary phases.  
It is known that intermetallic precipitates influence the corrosion behaviour of DSS 
making the steel less resistant to pitting corrosion [17].  It is likely that the reduced CPT 
of the cap region can be attributed to the higher content of undesirable precipitates 
resulting in the formation of Cr depleted zones around these chromium rich phases, with 
low pitting potentials, thus making the passive film breakdown at these sites easier [114]. 
As a result, the passive film of these zones can break down locally in chloride containing 
corrosive environments making the steel susceptible to pitting. Carbide (M23C6) and 
Nitride (CrN and Cr2N) precipitates form between ~500oC and 1000oC in duplex 
stainless steels [115]. These precipitates generally nucleate along grain boundaries and 
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ferritic-austenitic interfaces (higher energy regions) causing depletion of ferrite and 
austenite stabilizing elements along the boundaries. This has been shown [17] to cause 
chloride induced intergranular stress corrosion. 
 Increased susceptibility to pitting corrosion indicated by the low critical temperature 
observed for the cap region, can be attributed to the increased presence of fine grained 
chromium rich precipitates and secondary phases. In contrast, the higher critical pitting 
temperature observed for the fill region can be correlated to large grains of ferrite and 
lower degree of sensitisation. On the other hand, although the root region has a higher 
degree of sensitisation than the cap region, it shows relatively higher critical pitting 
temperature. This confirms the detrimental effect of fine grains which appear only in the 
cap region. 
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1. Differences in the microstructural features, in terms of ferrite / austenite, grains 
morphology, and presence of intermetallic precipitates and secondary phases such 
as sigma, Chi, and secondary austenite were not only observed between the base 
metal and the weld region, but between the different weld regions themselves.  
This may be associated with different thermal cycles and subsequent different 
cooling rates associated with the welding process and the high alloying of 
elements in the super duplex stainless steels.  
CONCLUSIONS 
2. Increased hardness levels in the steel were correlated with microstructural 
variations, particularly increasing ferrite content.  Although ferrite content is the 
primary determinant factor in determining hardness in stainless steels as the 
ferrite is considered to be harder (and stronger) than austenite, other factors such 
as grain size, presence of intermetallic precipitates, and concentration of 
interstitial atoms such as C, and N have a significant influence on the hardness of 
stainless steel alloys. 
3. A reproducible DL-EPR test method was successfully developed to characterize 
the degree of sensitization in super duplex stainless steel grade 2507. The 
optimised conditions determined from this study for studying sensitisation were 
found to be 10% (v/v) H2SO4; 0.001 M thioacetamide and temperature of 63 °C, 
stimulating the most favourable selective attack conditions for studying 
sensitisation, without inducing other forms of corrosion such as pitting or general 
corrosion. 
4. Difference in the measured critical pitting temperature was observed for the 
different weld passes as well as the unaffected parent metal and appears to be 
influenced by microstructural features such as ferrite/austenite ratio, grains shape 
and size, and the presence of chromium rich intermetallic precipitates and 
secondary phases resulting in alloying element depleted regions. 
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5. Also correlations were observed between the CPT studies and potentiodynamic 
scans at different temperatures.  Lower corrosion rates were observed for studies 
conducted at temperatures lower than the CPT.  Large differences were observed 
for the regions where the lower temperatures studied was below the CPT and the 
higher temperatures studied above the CPT.  In contrast, corrosion rates for the 
base material were similar as both temperatures studied were lower than the CPT.   
6. In general, increased resistance to pitting corrosion and intergranular attack can be 
achieved in welded super duplex stainless steels through optimisation of the 
microstructural features (ferrite content, grain size, reduced intermetallic present, 
etc), which in turn can be achieved through careful control over the welding 
parameters. 
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